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Abstract 
 
Understanding the potential environmental impacts of the materials we use is important. By doing this 
we can chose whether or not to regulate, reduce or ban substances which potentially present 
significant risk to human health and ecosystems. But in order to make environmental decisions 
effectively, we must collect, analyse and communicate information in the right way.  
Decision-making processes for emerging materials often do not consider the life cycle implications of 
substitute materials, nor the implications of uncertain data. This Engineering Doctorate (EngD) 
project explores how information provision about emerging materials can allow effective decision-
making on environmental issues.  
This research examines the use of life cycle assessment (LCA) as a tool for understanding the 
environmental impact of emerging materials across the life cycle within a product. It reviews the use 
of life cycle thinking in policy-making to determine key aspects for decision-support; the challenges 
of applying LCA principles towards emerging materials and key pathways for managing uncertainty. 
It also evaluates how LCA can be relevant to industry as a mechanism for decision-support on new 
materials.  
These aspects are explored through novel LCA case studies. Key contributions to knowledge come 
from development of strategic pathways for managing uncertainty relating to carbon nanomaterials 
and the identification of appropriate methods of uncertainty assessment of emerging materials where 
uncertainty is very high. Novel LCA studies on emerging nanomaterial and solar technology also 
contribute new understanding on the life cycle aspects of these systems. Case study on the industry 
use of LCA adds to discussion on organisational environmental footprinting, and suggests new 
approaches for LCAs use within decision-support. Examination of life cycle thinking within policy 
highlights the urgent need for policy-makers to better assess the potential for unforeseen 
consequences as a result of precautionary action.   
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This thesis brings together discussion on the implications of life cycle thinking for policy-makers and 
industry, with the practical challenges of performing LCA on emerging materials where uncertainty is 
high and little data is available. Its conclusions accentuate the need for better collaboration with 
industry both in obtaining life cycle data and incorporating LCA into decision-support, and the 
important role scenario analysis, expert engagement and risk assessment has in supporting uncertainty 
management where uncertainties are very high.  
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service TurnitinUK for originality checks. Whether or not drafts have been so assessed, the University 
reserves the right to require an electronic version of the final document (as submitted) for assessment 
as above’  
 
 
 
 
 
 
 
 
iii 
 
Acknowledgements 
 
I would like to thank a number of people for their contribution and support for this project: 
The Engineering and Physical Sciences Research Council (EPSRC) for their funding. 
I would like to thank my industrial supervisor Dr Graham Sims for his guidance and input into the 
project and his trust in me to represent NPL as Deputy Project Leader. Despite supervising a number 
of other Research Engineers at NPL his enthusiasm and support for the project has been constant, and 
I am incredibly grateful for the time he has taken to read through my reports.  
At the University of Surrey I would like to thank my academic supervisors Dr Jacquetta Lee and 
Professor Richard Murphy for their input and advice which I have really valued throughout the 
project. I would also like to thank other staff at the Centre of Environmental Strategy for their help 
throughout the EngD course, in particular Brian Lewarne and Kelly Boazman for all their help and 
support. I would also like to the Chris France for his help and support in setting this project up.  
I would like to thank my family for their amazing support during the EngD, particularly towards the 
end. Finally, I could not have finished this without Fraser, thank you so much for your incredible 
support throughout this process and for all your help in ensuring this thesis was submitted on time.  
 
 
 
 
 
 
 
 
 
iv 
 
Readers Guide to the Thesis 
 
This thesis is constructed in two volumes. Volume I is the main thesis document setting out the 
research conducted and the findings reached. Volume II contains the peer-reviewed published paper, 
and six month reports that were produced to chart the progress of the EngD research. Inclusion of the 
six month report material is a requirement of the EngD programme. Material from these reports forms 
the basis of discussion in Volume I, therefore Volume II need only be consulted if the reader wishes. 
Volume II can be found on a CD attached to the back cover of this main thesis document.  
Volume 1 uses the following structure: 
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Executive Summary 
 
Over the years technological advancement has introduced new materials which have transformed the 
lives of people across the world. While they have revolutionised the treatment of disease, food 
production, sanitation, transport, clothing, and communication; improving and enriching the lives of 
millions, the substances and compounds from which they are composed have also impacted the global 
landscape, ecosystems and human populations.  
 In 2013, an update to the European Environment Agency’s (EEA) 2001 report ‘Late Lessons from 
Early Warnings’ was published. It called for a progressive response in acquiring greater knowledge 
about the state of the planet and its resources, but also awareness that many aspects will remain 
unknown (EEA, 2013).  The unintended consequences of technology development have led to 
significant ecosystem damage, loss of human life and had a serious effect on the life quality of 
millions. The report asks us to learn from the slow reaction to regulate substances such as 
dichlordiphenyltrichloroethane (DDT), asbestos and mercury. This is by acknowledging and 
responding to ignorance and uncertainty in technology appraisal and policy-making; systematically 
address technologies claimed benefits against its potential risks; and evaluate a range of alternative 
options alongside the option under appraisal to ‘minimise the cost of surprises and maximise the 
benefit of innovation’ (EEA, 2013).  
The EEA’s report highlights several fundamentals to effective decision-making: the need to properly 
consider and communicate uncertainties; evaluate potential risks along with the benefits; and properly 
assess the range of alternative substitute options. Unfortunately, these aspects are often very poorly 
considered when making decisions, often leading to ineffective policy direction and organisational 
strategy (EEA, 2013).  
Striking the balance between a precautionary approach and ensuring there are no unforeseen negative 
consequences to early regulatory action on materials and substances is challenging. Risk assessment is 
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often used to inform decision-making; however, this alone does not allow for us to understand 
potential risks posed by a substance and/or it’s alternatives over the entire product life-cycle.  
Environmental life cycle assessment (LCA) is a decision-support tool used for evaluating the potential 
impacts a product or service might have across its lifetime. This means assessment evaluates 
environmental impact from raw materials production, production itself, use, and finally end-of-life. 
LCA has been used by companies to understand their energy and environmental footprint. Over the 
past 20 years it has steadily gained traction in policymaking too.  
LCA enables decision-making based on an understanding of a product’s full life impact, rather than a 
‘single-issue’ snapshot of a given impact or part of a full life cycle. It can be used as a comparative 
tool to evaluate potential options against one another. This is important to ensuring decision-making is 
fully informed and does not lead to unexpected surprises later on.  
This thesis explores the role of LCA as a decision-support tool for emerging materials, in cases where 
uncertainty is high and there is little existing life cycle information. The term emerging material refers 
to materials which are in the early stages of implementation within a commercial product or that are in 
research and development. It also includes those which are likely to substitute existing materials. The 
focus of uncertainty assessment is on epistemic uncertainty (uncertainties which can be reduced 
through further analysis or investigation (Bedford & Cooke, 2001)).  
A number of authors have addressed some of the challenges in LCA for emerging materials 
(Arvidsson, Kushnir, Sanden, & Molander, 2013; Gavankar, Anderson, & Keller, 2014; Gavankar, 
Suh, & Keller, 2012a; Hischier & Walser, 2012; Linkov & Steevens, 2009) Some suggest a 
combination of life cycle assessment with risk assessment where life cycle information is lacking 
(Grieger et al., 2012; Shatkin, 2008), others detail the key uncertainties and methodological 
challenges associated with emerging technologies (Gavankar et al., 2012a; Hischier & Walser, 2012). 
Arvidsson et al., (2013) explores the role of scenarios and sensitivity in policy-relevant LCA of future 
products. Gavankar, Anderson and Teller (2014) address uncertainty communication in emerging 
technologies. They suggest a graphical tool for representing levels of uncertainty based on the 
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researcher’s judgement. They recognise that researchers should better report uncertainty in their 
studies, assigning likelihoods to scenarios where possible.  Also discussed is the need of the LCA 
community to develop a more standardised approach to addressing qualitative uncertainty assessment.  
These studies highlight the need for a standardised approach to methods for uncertainty 
communication for situations where uncertainty is high, such as is the case with emerging materials. 
This should demonstrate the requirements of emerging materials LCA (i.e. the way existing and 
potential substitute materials are evaluated), and enables identification of potential communication 
methods which reflect the level of data availability and model certainty. Finally, given existing 
literature and increasing role of LCA within industry, there is a need to understand how LCA-
informed decision-making on emerging materials may take place in an industry setting in future.  
The research need is addressed in this thesis through the evaluation of emerging materials LCA across 
3 case-study areas to answer the following questions: 
1. What key aspects of material environmental assessment are important to decision-
making?  
A review of life cycle thinking in historic policy-making and what lessons can be learnt through 
evaluating LCA data on past materials substitution, an assessment of the decision to regulate lead 
in electronic lead solder through the EU Restriction of Hazardous Substances (RoHS) directive 
(2002/95/EU). The purpose of this assessment is to identify key considerations needed when 
proposing a shift in materials use or materials substitution, particularly through policy 
implementation.  
2. How do you address uncertainty when assessing the life cycle of an emerging material? 
Evaluating the challenges of managing uncertainty in the assessment of emerging materials, using 
LCA to evaluate emerging materials systems such as carbon nanotubes and dye-sensitised solar 
cells. The objective of this is to develop practical steps and procedures to improve the 
management of uncertainty within emerging materials systems.  
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3. How do you ensure life cycle assessment is relevant to industry decision-making on 
emerging materials? 
The role of LCA in industrial decision-support on emerging materials, using LCA to evaluate 
future transparent conductive materials for electronic touch screens. Here ‘decision-support’ 
refers to the use of LCA along with other information to support the decision-making process 
rather than LCA itself providing a definitive decision or answer to a question. The purpose of this 
study is to develop an approach for assessing the life cycle aspects of materials effectively whilst 
ensuring this is industrially relevant to organisations in supporting product development 
decisions.  
The first and last questions relate to understanding the role of life cycle assessment within the 
decision-making process (as a method for decision-support). The second question deals with the 
practical challenges of using LCA to assess new materials where there is little knowledge of the 
system outside academic research and little, if no, industrially relevant life cycle assessment data.  
The objectives of this research are the following: 
Exploration of the role of LCA in decision-making for emerging materials (which includes substitute 
materials) is initially performed through evaluating the decision to regulate lead solder from electronic 
lead solder through the Restriction of Hazardous Substances (RoHS) directive (2002/95/EU). This 
directive came into place at the same time as the Waste Electronics and Electrical Equipment (WEEE) 
Directive (2002/96/EC). Literature sources on both directives were reviewed from before the 
directives came into place, up until 2013 when this exploration was carried out.  
 The implementation of RoHS has presented a particular challenge since there is no real ‘drop-in’ 
replacement for lead solder regulated under the directive. Lead-free solders have suffered with various 
materials performance issues including tin whiskering. The replacement for lead is generally a tin-
silver-copper alloy which contains a higher percentage of tin than the lead-tin solder it replaces and 
requires a higher processing temperature.  
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Although the tin-silver-copper alloy has been shown to exhibit lower toxicity values in most of the 
life cycle assessment studies reviewed, the major study by Geibig and Socolof (2005) found that 
overall tin-silver-copper alloys had the highest scores in most environmental impact categories. Thus, 
if every environmental impact category is considered equally then the switch to lead-free solders such 
as tin-silver-copper appears not to be environmentally advantageous and overall impact is increased. 
Other LCA results show overall benefit/disbenefit to be inconclusive (Deubzer, Griese, & Suga, 
2001).  
This thesis argues that even though lead is a toxic metal which has the potential to cause serious 
health risks and damage to ecosystems, on the basis of overall environmental impact it is not clear that 
it should be regulated against. From reviewing available literature at the time of regulation there is no 
evidence that serious consideration was given to some of the wider life cycle impacts of regulating 
against lead solder, and what the impacts of the substitutes to lead solder might be. The regulation has 
also presented technical risks due to the material challenges introduced by using lead-free solder. This 
has posed significant risk because of the number of industries (such as aerospace, automotive, satellite 
and nuclear) which heavily rely on guaranteed functionality of electronics.  
This highlights just how vital a broad life cycle perspective on potential substance impact is. Not only 
this, comparison with potential substitutes is essential to ensuring that a sound sustainability decision 
is made.  
Following on from this work the thesis investigates current challenges for applying LCA in decision-
making on emerging materials. It is important to understand the potential impacts of new materials 
despite often high levels of uncertainty, and life cycle uncertainties are key aspects to consider in 
decision-making process for both policy and business.  
There can be a number of different objectives in uncertainty assessment: to increase precision and 
identify knowledge gaps; increase decision-makers’ confidence in robustness of scientific results; 
improve stakeholder and the public’s confidence in science; increase stakeholder’s confidence in 
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decision-making; highlight the influence of science communication patterns on decision-making 
(Maxim and van de Sluijs, 2011). 
This thesis considers uncertainty within the bounds of inaccurate process modelling, or lack of data or 
knowledge. This is opposed to variability which can be described as inherent real-world variations. 
Uncertainty which can be reduced by better measurement or increased knowledge of a system is 
defined as epistemic uncertainty. This research is limited to uncertainties that with greater knowledge, 
better quality of data and an increased understanding of the system can be reduced. Whether 
uncertainty is unreducible variability or reducible through improved knowledge can be referred to as 
the nature of the uncertainty. Several authors have further defined uncertainty across several other 
dimensions. The second dimension, the location of the uncertainty, considers where the uncertainty is 
within the model. In terms of reducible uncertainty this can be parameter, model or choice 
uncertainty. For unreducible variability this can be spatial, temporal or source and object related. 
Finally the third dimension, the level of uncertainty, is determined by where the uncertainty sits on the 
spectrum from a state of determinism and low uncertainty (where probabilities and outcomes are 
known) to a state of total ignorance and high uncertainty (where probabilities and outcomes are 
unknown) (Skinner, Rocks, & Pollard, 2013; W. Walker et al., 2003).  
Based on a consideration of uncertainty using these definitions, it is important that uncertainties are 
evaluated across all three dimensions, particularly when assessing which management method might 
be most appropriate to use.  
In LCA, choosing the right uncertainty assessment technique depending on the nature, location and 
level of uncertainty is important to ensuring effective decision-making. There are a number of 
uncertainty techniques available to manage and communicate uncertainties in LCA. These methods 
allow LCA practitioners to explain where uncertainty is within their analysis, and show the effect it 
has on their results. These techniques include: 
 Sensitivity analysis 
 Monte Carlo analysis/probabilistic analysis 
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 Scenario analysis 
 Data quality analysis (e.g. Pedigree Matrix) 
 Statistical analysis 
 Critical review and expert engagement/elicitation 
Applying methods unsuitable for the dimension of uncertainty can lead to an overload of confusing, 
unrepresentative and unhelpful data. This does not add to a practitioner’s ability to communicate or 
manage uncertainty, instead it weakens it and rather increases the potential for confusion through data 
that does not properly represent reality.  
The review of two different emerging materials systems in this thesis gives an example of some of the 
challenges faced, and provides recommendations for treatment of reducible epistemic uncertainty 
under low levels of confidence and certainty. These are novel LCAs which consider material 
applications that have not previously been addresses by other authors.  
The first case study on carbon nanotubes (CNTs) in carbon fibre polymer composite lacrosse stick 
evaluated various uncertainty assessment methods. The methods used to manage and communicate 
some of the uncertainties found within the study were; sensitivity analysis, scenario analysis, pedigree 
matrix approach, Monte Carlo analysis, and expert engagement. The use of life cycle based risk 
assessment was also evaluated.  
Some of the key findings from this study were:  
 
 Sensitivity analysis provided a useful scoping exercise showing that because of the range in 
carbon nanotube production energy demand this had a significant effect on overall total 
environmental impact of the CNT enhanced carbon fibre reinforced polymer lacrosse stick, 
and its comparability with existing aluminium stick technology. 
 Scenario analysis applied to some of the modelling uncertainties, provided a picture of 
potential future commercial scenarios and allowed evaluation of several different production 
variations for carbon nanotubes, where currently no one catalyst or production methodology 
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is favoured. The analysis was able to show clearly the dependency of potential impact on 
production modelling choices.  
 The pedigree matrix was a useful review tool to assess data quality; however, the scale of 
uncertainties within a majority of the data sets meant that uncertainty distribution was 
governed by the basic uncertainty factor, and it was difficult to distinguish between different 
high uncertainty areas.   
 Monte Carlo is a technique used for evaluating the impact probability distributions based on 
input independent variable uncertainties. This technique propagated findings from the 
pedigree matrix analysis, leading to relatively large probability distributions in human toxicity 
potential. This indicates that high variation in some input values (such as metal inputs) leads 
to a high variation in potential human toxicity impact. However, because of uncertainties in 
the representativeness of pedigree matrix information, this uncertainty was merely propagated 
across into the Monte Carlo analysis. In essence this meant that the Monte Carlo was 
produced using probability distributions where there are low confidence in their accuracy or 
representativeness, leading to even lower confidence in the analysis results.  
 Stakeholder engagement and qualitative risk review highlighted the potential for CNTs to be 
released during use and disposal phases, with literature showing no evidence yet of significant 
risk. Engagement emphasised the challenges of measuring CNT release into the environment, 
with transport and fate heavily reliant on physio-chemical properties of the CNT and the 
properties of the environment.  
 
The second case study reviewed the use of uncertainty assessment in an emerging 3rd-generation solar 
cell device. The dye sensitised solar cell (DSSC) is still in the early stages of commercialisation, and 
still faces several key challenges to enable it to become fully comparable with existing well-
established technology. The LCA assessed the DSSC as an alternative to battery power for indoor use 
within a smoke detector. Because of the lack of life cycle information and novelty of the application a 
an explorative scenario approach to determine future areas of study was used. The study reviewed a 
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selection of materials scenarios, along with different energy mix scenarios. By doing this, the LCA 
was able to show where the greatest gains can be found in improving the environmental footprint of 
the DSSC. Ultimately this study highlighted the useful role of scenario analysis in tackling some of 
the unknowns surrounding products in the early stages of commercialisation such as the DSSC.  
 
Both this and the CNT carbon fibre polymer composite case studies (focusing on epistemic reducible 
uncertainty only) highlighted the important role of scenario analysis in communicating uncertainties 
relating to the future of emerging technologies.  
 
Finally, the research evaluated the future of LCA of emerging materials in directing decision-support 
within industry. A key challenge for industry lies in using the data from an LCA in a way which is 
useful for its internal business management and decision-making. Traditional LCA approaches are 
often time-consuming and data intensive, yielding a range of potential impacts across a broad range of 
environmental categories which are then difficult to interpret for, or are remote from, day-to-day 
business management decisions.  
 
Survey research conducted within the electronics industry found customer demand and product 
performance to be key considerations in decision-making for products. Carbon, energy and water use 
were considered most important outputs from LCAs. Human and environmental toxicity aspects were 
considered separately from the formal LCA approach, often relying on health and safety risk 
assessment methods and regulatory compliance protocols.  
The results from survey research informed a case study on alternative transparent conductors to 
current indium-based material used in electronic touch screens. This was carried out to explore how 
industry relevant information can be used to inform decision-making on an emerging materials 
system. The study showed currently copper grids to be the most likely replacement for the technology 
in the short-term. In the long-term it was unclear, based on assessment of energy, carbon, and water 
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use impact, health and safety and materials performance, which would be the next likely technology 
to replace ITO.  
Ultimately, aspects of the research show that business decision-making (for the companies we 
engaged with) was reliant on evaluation of energy, carbon and water aspects through typical LCA 
approaches, but that companies preferred to express other environmental aspects such as human 
toxicity through other means. They also expressed interest in evaluation of customer demand and the 
incorporation of circular economy principles into assessment. These aims and ambitions are not 
shared with the methodology of either the Environmental Product Declaration (EPD) or the current 
development of the Product Environmental Footprint (PEF) which take a traditional midpoint LCA-
only approach, reporting on 14 different impact assessment categories (some of indeterminate 
maturity and model relevance). Even though the PEF includes provision to deselect/ not include 
impact categories not deemed to be relevant, it still does not allow companies to evaluate aspects such 
as toxicity impact through a means which are relevant to them. If environmental product declaration 
schemes are going to add internal value to business as well as act as an external declaration system, 
they need to better represent the needs and interests of business. 
In summary, this EngD research yielded the following outputs: 
 A review of past policy decision-making through the lens of environmental life cycle 
assessment. This highlights the need for comparative life cycle thinking, where assessment 
draws comparison with alternative technologies, to become an integral part to all future 
environmental and broader sustainability policy decision-making in order to avoid unforeseen 
consequences caused by substitutes of banned materials  
 An evaluation of uncertainty assessment methods for communicating uncertainty where it is 
high. This has led to the development of an approach which deals with nature of uncertainty 
along with level. The case-studies used for this present novel applications of emerging 
materials not previously assessed by other authors 
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 Research on the use of LCAs in business decision- making for emerging materials, showing 
the opportunity and potential benefits from displaying LCA information in fewer rather than 
in more extensive frameworks 
The Engineering Doctorate (EngD) was based at the National Physical Laboratory (NPL) and the 
Centre for Environmental Strategy and the University of Surrey. NPL is the UK’s national 
measurement institute, which has existed for over 100 years maintaining national primary 
measurement standards.  The measurement solutions provided by NPL are critical to UK 
economy and quality of life.  
Work carried out during the study has contributed to both a National Measurements System 
(NMS) Programme for Innovation Research and Development (IRD) project to develop 
metrology capabilities in life cycle assessment methods, and to project work on behalf of the 
European Committee for Standardisation (CEN) to development of a Technical Specification 
document for guidance on the life cycle assessment (LCA) of nanomaterials at NPL. The EngD 
project has also broadly contributed to building NPL’s capability in the area of LCA, 
environmental systems thinking and the role this has to play in policy and industry decision-
making. 
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1 Introduction 
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1.1. Background 
 
Our prolific use of synthetic materials over the past century has meant that large quantities have ended 
up in the environment. Products released into the environment have resulted in serious risks to human 
health and ecosystems. Examples of where serious environmental issues have been caused by 
substances include the cases of dichlordiphenyltrichloroethane (DDT), asbestos and mercury (EEA, 
2013; Harremoës et al., 2001). It is important that we learn from the experiences with materials and 
substances in the past to ensure similar situations do not arise again. This has given rise to the 
implementation of precautionary principle approach when considering substance legislation. The 
principle implies a precautionary method to policy-making, based on regulators social responsibility, 
to protect the public from harm where evidence shows there is a plausible risk (EC, 2000).  
This concept should be balanced by a need to understand whether there will be any future unforeseen 
consequences as a result of precautionary action to regulate against a substance. The nature of 
unforeseen consequences is discussed by French economist Frédéric Bastiat (1801-1850) in his 
parable ‘the broken window’  (Bastiat, 1850). This begins when a boy accidentally smashes a baker’s 
shop window. The baker subsequently contacts a local glazier who replaces the window and is paid 
for his services - benefitting the local economy. One might conclude from this that the breaking of 
more windows would generate further growth and prosperity for the local community. However, 
Bastiat indicates this interpretation does not take into account what is not seen. Before the window 
was broken the baker was planning on buying a new pair of shoes. The baker now spends that money 
on replacing the broken window instead of with the shoemaker on new shoes. Income is transfer to 
the glazier, but what is not seen is that instead of fitting a window to a new house the glazier is only 
replacing an existing window, and despite spending his own money the baker is left with a window 
but is denied the satisfaction of new shoes. Hence the baker is worse off and since he is part of the 
community it soon becomes clear breaking windows isn’t of benefit to the local community (Bastiat, 
1850; Stanfield, 2009). 
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It is challenging to balance the need for early action and precaution where risk assessment studies 
indicate potential environmental harm, with a sufficient understanding of whether action to regulate a 
substance will ultimately result in environmental benefit. The role of science in risk governance is an 
area tackled by a number of different authors (Funtowicz & Ravetz, 1990, 2003; Funtowicz, Ravetz, 
& O'Connor, 1998; Maxim & Van de Sluijs, 2007; W. Walker et al., 2003). Some of the challenges in 
scientific decision-making have been addressed by Funtowicz and Ravetz (2003) in their evaluation of 
problem-solving through ‘post-normal science’. Post-normal science is a concept for managing 
complex science related issues where system uncertainties or decision-stakes are high. Funtowicz and 
Ravetz (2003) argue that often in environmental and human health decision-making, facts are 
uncertain, values in dispute, but stakes are high and decisions urgent. The perspective of post-normal 
science requires the appropriate management of uncertainty and extension of peer-community to non-
scientific actors in decision-making around policy.  (Funtowicz & Ravetz, 2003; Funtowicz et al., 
1998).   
Managing uncertainties in the context of both policy and business decision-making is crucial, and 
understanding is vital to successful business strategy. Development that is sustainable depends on 
decisions that appropriately and effectively balance the needs of economic, social and environmental 
actors. One way to minimise uncertainty in this context is to understand the system as a whole: taking 
a life cycle approach.   
The concepts of sustainable development were yet to fully take hold when Coca-Cola published the 
first environmental life cycle assessment (LCA) study in 1969.  They conducted the study to 
understand which beverage containers had the worst environmental impact. As a result the worst 
performing materials were removed from products and a take-back scheme and recycling 
infrastructure established (PE International) 
Since then LCA has become an established mechanism for evaluating the potential environmental 
impacts a product or service may have across its life cycle (PE International). Its use as a decision-
support tool now widely supports a range of decision-making processes in business and policy-
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making. New challenges for LCA include being able to effectively assess potential impacts of new 
and emerging products and materials. As technological development increases the emergence of new 
materials creates uncertainty over what the human and environmental impacts could be.  
Emerging materials, such as nanomaterials (materials where at least one dimension is on the nano-
scale) have been investigated through LCA (Bauer et al., 2008; dahlben, Eckelman, Hakimain, Somu, 
& Isaacs, 2013; Healy, Dahlben, & Isaacs, 2008; Khanna, Bakshi, & Lee, 2007; Kohler, Som, 
Helland, & Gottschalk, 2008; Upadhyayula, Meyer, Curran, & Gonzalez, 2012; Walser, Demou, 
Lang, & Hellweg, 2011). Strategies for applying LCA to nanomaterials have also been researched, 
where some of the key challenges include dealing with gaps in data for both inventory and impact 
assessment, and appropriately handling any additional functionality presented by new materials 
(Arvidsson, 2012; Gavankar et al., 2012a; Hischier & Walser, 2012; Linkov & Steevens, 2009; 
Miseljic & Olsen, 2014; Som, Berges, Chaudhry, & Dusinska, 2010). A roadmap for dealing with 
uncertainties in the LCA of carbon nanotubes (a carbon nanomaterial) was developed by Parsons et 
al., (2015) during the course of this research, advising a number of priority levels for certainty 
improvement:  
Priority 1: Improve understanding of technology scale-up and processing throughout the life cycle, 
and improve data for release and emissions through the product life cycle. 
Priority 2: Improve impact assessment modelling through improving fate models and determining 
toxicity based on environmentally representative states 
Priority 3: Continually improve and refine inventory data to take into account material variation 
(Parsons, Murphy, Lee, & Sims, 2015)  
This paper can be found in Appendix I of Volume I in this thesis. These principles can broadly be 
applied to considering emerging materials LCA in general, and presents structured approach to 
improving certainty through the gathering of further information. But, uncertainty in LCA will always 
be present, and for emerging technologies with little inventory or impact information currently 
associated with them, this uncertainty is high.  
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In the face of high uncertainties, LCA interpretation must include evaluation of data quality, missing 
data, model assumptions, gaps in knowledge and limitations of current assessment methods. It also 
must enable comparative assessment of substitute or new materials with existing ones. Currently these 
aspects are often not well reported on in LCA studies, and more work is needed to develop better 
strategies for dealing with emerging material uncertainties in LCA.  This is extremely important in 
ensuring the decision-making on emerging materials strikes the right balance between environmental 
or human health risk and costs to industry/society. This means that the relative benefits and costs of 
action need to be properly addressed.  
This Engineering Doctorate (EngD) looks to address some of the challenges in performing LCA on 
emerging materials systems. It examines the following areas relating to emerging materials. 
1. What key aspects of material environmental assessment are important to decision-
making?  
A review of life cycle thinking in historic policy-making and what lessons can be learnt through 
evaluating LCA data on past materials substitution, an assessment of the decision to regulate lead 
in electronic lead solder through the EU Restriction of Hazardous Substances (RoHS) directive 
(2002/95/EU). The purpose of this assessment is to identify key considerations needed when 
proposing a shift in materials use or materials substitution, particularly through policy 
implementation.  
2. How do you address uncertainty when assessing the life cycle of an emerging material? 
Evaluating the challenges of managing uncertainty in the assessment of emerging materials, using 
LCA to evaluate emerging materials systems such as carbon nanotubes and dye-sensitised solar 
cells. The objective of this is to develop practical steps and procedures to improve the 
management of uncertainty within emerging materials systems.  
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3. How do you ensure life cycle assessment is relevant to industry decision-making on 
emerging materials? 
The role of LCA in industrial decision-support on emerging materials, using LCA to evaluate 
future transparent conductive materials for electronic touch screens. The purpose of this study is 
to develop an approach for assessing the life cycle aspects of materials effectively whilst 
ensuring this is industrially relevant to organisations in supporting product development 
decisions.  
 
1.2 Thesis objectives 
 
This thesis presents a 4 year research project based at the National Physical Laboratory (NPL). The 
work contributes to ongoing research in the areas of LCA uncertainty and LCA of emerging materials 
systems. The objectives of the research are the following: 
The objectives of this research are the following: 
 To conduct a review of previous policy decision-making using the restriction of lead solder 
through RoHS (2002/95/EU) as a case study to determine how life cycle thinking should be 
applied to decision-making 
 To use a series of LCA case studies on emerging materials to assess the relevance of 
uncertainty assessment tools in managing and communicating uncertainty associated with 
new materials systems. From this provide guidance on the application of uncertainty 
assessment tools towards LCA of emerging materials  
 To conduct research within industry to determine what LCA metrics are relevant to internal 
decision-support and what other measurements from outside LCA are also useful. Here the 
term ‘decision-support’ is used to describe the process by which information is provided, 
alongside other information e.g. technical or economic information, to enable a decision to be 
made. This research is then used to inform an industrially relevant LCA case study 
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The research also contributes to work in the area of standards in creating an annex for a guidance 
document on applying LCA towards nanomaterials. This is part of a project mandated by the 
European Commission through the European Committee for Standardisation (CEN) on standards 
development for nanomaterials by  CEN/TC 352 (CEN, 2015) . Working alongside experts in the 
area, research on applying uncertainty assessment to nanomaterials will form part of a Technical 
Specification for the application of LCA to nanomaterials.   
 
1.3 Case studies 
 
This research evaluates a number of different aspects relating to the LCA of emerging materials, 
reviewing some of the challenges in its application and assessing which uncertainty tools can be used 
to most effectively communicate uncertainty. Because of this, a case study approach was chosen to 
demonstrate the aspects of emerging materials LCA through using different materials systems as case 
studies. Case studies were chosen based on literature review and current research and work carried out 
at National Physical Laboratory which allowed access to experts within these material areas and 
industry data.  
The case study areas are the following:  
 A retrospective look at policy-making and the role of life cycle thinking: A forensic 
review of life cycle thinking in policy-making and the need to evaluate substitute 
materials fully, through an evaluation of the decision to regulate lead in electronic lead 
solder through the EU Restriction of Hazardous Substances (RoHS) directive 
(2002/95/EU) 
The regulation of lead from electronic solders under the Restriction of Hazardous Substances 
Directive (RoHS) led to its replacement by a number of other solders, most notably a tin-silver-copper 
alloy. The inclusion of lead within RoHS was due to concerns over lead toxicity and its potential to 
leach into the environment from landfill sites. From reviewing life cycle information available 
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comparing lead and lead-free solder there are impacts that do arise from the use of lead-free solder, 
most notably an increase in global warming impact. The regulation also introduced materials risks 
because of the unknown performance of lead-free solders. Overcoming the performance challenges of 
lead-free solders is still something which needs to be overcome today.  
 Evaluating the challenges of managing uncertainty in the assessment of emerging 
materials: Using LCA to evaluate emerging materials systems such as carbon nanotubes 
and dye-sensitised solar cells 
Emerging materials present a number of challenges for performing LCA. This is evaluated using an 
example of an emerging solar cell technology, and a new nanomaterial system. The objective of this 
analysis is to evaluate challenges faced with emerging material LCA, and from this recommend 
actions and appropriate tools for evaluating uncertainty. This is achieved through analysis of 
challenges such as data gaps, uncertainty on technology scale-up and life cycle aspects, and lack of 
knowledge on potential risks posed by new and different materials systems. Uncertainty assessment 
tools evaluated are: sensitivity analysis, scenario analysis, pedigree matrices, Monte Carlo analysis 
and expert engagement.  
 The future role of emerging materials LCA in decision-support: using LCA to 
evaluate future touch screen technologies for the electronics industry 
Life cycle principles are becoming increasingly important for business, and LCA is a key tool in 
implementing this. For LCA to be more effectively integrated into business, work is required to 
incorporate complex LCA results with the other aspects needed for product decision-support. The 
objective of this stage in the doctoral thesis is to use indium-tin-oxide replacements in touch screens 
as a case study for integrating LCA of emerging materials into business decision-making through 
industrial stakeholder engagement. This identifies key areas of importance to decision-making in the 
electronics sector.  
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1.4 Industrial sponsor 
 
The Engineering Doctorate is sponsored by the National Physical Laboratory (NPL). NPL is the UK’s 
national measurement institute, which has existed for over 100 years maintaining national primary 
measurement standards.  The measurement solutions provided by NPL are critical to UK economy 
and quality of life.  
Annually, NPL delivers over £75M of research and knowledge transfer programmes, including £30M 
of applied technical projects in collaboration with a broad range of industry partners. Its resources 
include over 450 technical and scientific experts, spanning a wide range of disciplines; 36,000m² of 
laboratories and many unique facilities. The Centre for Carbon Measurement at NPL brings together 
academic and business partners, and is designed to ensure that users can have confidence in the 
measurements we need to improve our understanding of the global climate, deliver policies for 
mitigating climate change, and accelerate the development of low carbon technologies.  
NPL are also members of British Standards Institute (BSI) committees in the areas of sustainability: 
SDS/1/-/3 Sustainable Development (BS8900) and MI/001/0-/02 Sustainable Materials (BS8905) 
Committee on “Sustainable use of materials”) and Sustainable Resource Management (Circular 
Economy) (BS8001).  
Work carried out on this thesis has contributed to a National Measurements System (NMS) 
Programme for Innovation Research and Development (IRD) project to develop metrology 
capabilities in life cycle assessment methods, and to mandated project work on behalf of CEN to 
development of a Technical Specification document for ‘guidance on the life cycle assessment (LCA) 
of nanomaterials’. 
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2.1 Introduction 
 
Environmental impact can occur at any stage of a products life cycle – from the extraction of raw 
materials, through its use phase to end-of-life. Increasingly, policy-makers are recognising the need to 
include life cycle considerations in regulatory decision-making. Life cycle approaches often take the 
form of life cycle assessment (LCA), an environmental systems approach for evaluating the impacts a 
product might have across its lifecycle. 
LCA is an important tool for environmental management, but it requires a level of system knowledge 
and understanding - elements such as material inputs, process efficiency, energy use, product 
performance, emissions and processing options at end-of-life. For new technology in the early stages 
of commercialisation these aspects exhibit a high level of uncertainty. Despite this, LCA is an 
important indicator for environmental life cycle issues.  
LCA methods are increasingly implemented in business, and may become a common feature in the 
sustainable business landscape with the advent of the Environmental Product Declaration (EPD) 
(Envirodec), and Product Environmental Footprint (PEF) (EC, 2014b) along with other life cycle 
focused schemes.  
As a decision-making tool for both policy-makers and industry, it is important that LCA of new 
materials adequately manages uncertainty and provides an appropriate decision support platform for 
its stakeholders. New and disruptive technology present significant challenges towards applying LCA 
for decision-support given high uncertainties and difficulties in comparison with incumbent systems.  
This doctoral thesis addresses three key questions influencing the use of LCA towards new materials 
systems: 
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 How has life cycle thinking been applied to previous material substitutions brought about 
through policy and what does this tell us about the role of LCA in policy-making going 
forward? 
 How do we best manage the uncertainties which arise with new materials assessment? 
 How can LCA be implemented within industry for decision –support on new materials?  
The introductory section gives the background as to why these questions are important, and what the 
answers mean in terms of future LCA of materials.  
2.2 Environmental assessment of emerging materials 
2.2.1 Assessment mechanisms  
 
The term ‘emerging material’ refers to either the emerging use of existing or newer materials within a 
new application. It also refers to materials which are substitutes to existing materials undergoing 
replacement. A material has been considered as one constructed from chemical substances with a 
particular structure or particular application.  
The environmental behaviour of materials and chemical substances is becoming increasingly better 
understood with analytical testing and environmental modelling approaches continually improving. 
Examples of emerging substances of concern are endocrine disrupting chemicals which have received 
significant public and regulatory attention (EEA, 2013). Another emerging concern is the combined 
effects faced from exposure to multiple chemicals. Mixture toxicity is a growing area which could 
have large implications for the current management of chemicals (McCarthy & Borgert, 2006). Other 
new materials such as nanomaterial (materials where one or more dimension is below 100nm), with 
their small size exhibit potentially different behaviours in the environment, meaning they present 
increasing challenges for toxicity assessment.  
Substances are facing increasing scrutiny following the regulation of legacy compounds. The 2001 
European Commission white paper on strategy for future chemicals policy gives the following 
objectives for meeting sustainable development goals (EC, 2001): 
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 Protection of human health and the environment 
 Maintenance and enhancement of the competitiveness of the EU chemical industry 
 Prevent fragmentation of the internal market 
 Increase transparency  
 Integration with international efforts 
 Promotion of non-animal testing  
 Conformity with EU international obligations 
Key elements of this strategy are encompassed in regulations such as the Restriction, Evaluation, and 
Authorisation of Chemicals (REACH). This legislation replaces over 40 other existing chemicals 
regulations and directives (Petry, Knowles & Mead, 2006). Dossier evaluation assesses whether there 
is sufficient test data available to evaluate a substance, and authorisation occurs if substances are 
deemed to be: category 1 or 2 carcinogens, mutagens, or toxic to reproduction; persistent, 
bioaccumulative, and toxic; very persistent, bioaccumulative and toxic or; substances having a serious 
and irreversible effect to humans and the environment. Applicants must demonstrate that their usage 
of the substance has appropriate control measures put in place (EC, 2006; Petry, Knowles, & Mead, 
2006).  
Other major chemicals legislation brought in after the publication of the white paper was the 
Restriction of Hazardous Substances (RoHS) (2002/95/EU) (ChemSec), which is a stand-alone 
directive created to compliment the Waste Electronic and Electrical Equipment (WEEE) 
(2002/96/EU) directive published in 2003 (EU, 2008b; weeeregistration). The directive was put in 
place in an attempt to reduce the toxicity of certain components within electrical and electronic 
equipment. The substances which fall under the regulation are metals: lead, cadmium, mercury, 
hexavalent chromium, and flame retardant chemicals: polybrominated bipehnyls and polybrominated 
diphenyl ether (ChemSec; Wright & Elcock, 2006).   
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Decision-making for chemicals regulation often uses risk assessment information. Risk assessment is 
a combination of hazard assessment and probability for harm. There are three main components to 
risk assessment: hazard characterisation, exposure characterisation, and finally risk characterisation.  
Risk assessment guides decisions in the context of uncertainty, concerning to the relationship between 
hazard and exposure (Pickford, 2013). For risk assessment it is important that assumptions are 
clarified, and uncertainty is properly evaluated and communicated, particularly for risk management 
and decision-making. Risk management of all substances and materials brings in value judgement, 
which in turn challenges the relationship between science and policy. For emerging materials this 
value judgement is even greater. Policy requirements tend towards the need for certainty, simplicity 
and ‘big picture’ thinking which is often contrasting with the specific variables and uncertainties in 
risk assessment.  
There are a number of other environmental systems analysis techniques, which can be implemented 
depending on the aims of the study. Risk assessment evaluates the environmental impacts a substance 
or activity might have, however, substance or materials flow analysis (SFA/MFA) can be used to 
assess the flow of natural resources through a system (Brunner & Rechberger, 2004). To analyse both 
natural resource use and environmental impact, life cycle assessment (LCA) can be used. At a 
regional or national level, resource use and impact can be measured through environmental input-
output analysis (EIOA). Change-orientated tools such as environmental impact assessment (EIA) and 
Strategic Environmental Assessment (SEA) can use MFA of LCA as part of their process (Finnveden 
& Moberg, 2005).  
MFA, SFA and LCA methods have all been used to assess the environmental impact of emerging 
materials. Probabilistic MFA has been used to model environmental exposure to nano-TiO2, carbon 
nanotubes (CNTs), and nano-Ag (Gottschalk, Scholz, & Nowack, 2010). Prospective particle flow 
analysis has been used as a substance life cycle approach to evaluating nano-TiO2 in the environment 
(Arvidsson, 2012). The approach used particle number instead of mass as an indicator of magnitude 
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(Arvidsson, 2012). Prospective LCA has been used most comprehensively to evaluate life cycle 
impacts from nano-Ag in t-shirts (Walser et al., 2011).  
Design for Environment (DfE) and design for the circular economy are both increasingly used 
principles in product design. The circular economy model aims for restorative design, which aims to 
keep products, components and materials at their highest utility and value. The model: 
 Decouples economic growth and development from the consumption of non-renewable 
resources 
 Distinguishes between technical and biological materials 
 Focus on materials design which optimises their flow 
 Maintains and increases natural resource stocks 
 Provide new innovation across product design 
 Establishes a framework and building block for a resilient system to be able to work in the 
long term. 
 (Fiksel & Fiksel, 1996) 
2.2.2 Relevant recent European projects and standards 
 
PROSUITE (Prospective Sustainability Assessment of Technologies) is a framework combining 
technology forecasting methods with life cycle approaches. It integrates economic, environmental and 
social assessment. This is done over five impact areas:  
 Impact on human health 
 Impact on social well-being;  
 Impact on prosperity; 
 Impact on natural environment 
 Impact on exhaustible resources 
27 
 
Scores for each of these areas can then be weighted and aggregated into a single sustainability score. 
Weighting of impact areas into a singular score was determined through stakeholder workshops. The 
weighting of results into one score is controversial because of its implicit subjectiveness. Weighting 
places a greater emphasis on impact categories deemed to be more important than others – an aspect 
which is very subjective. Conversely, by weighting results this allows clear conclusions to be drawn. 
Wherever weighting is used the study should include the process behind the weighting that has been 
applied and the raw unweighted results.  
The method was applied to several case studies on emerging technologies: biorefineries, 
nanotechnology, multifunctional mobile devices, and carbon capture and storage. The  project 
methodology is available in OpenLCA (OpenLCA, 2015). The method looks to better take into the 
account ‘triple bottom line’ aspects of sustainability (balance between social, environment and 
economic areas), and assess potential new technology in terms of future sustainability (Blok et al., 
2013). 
The European Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR) 
identifies a number of potential areas of activity. One of these is nanomaterials (materials with at least 
one dimension less the 100nm) (SCENIHR, 2007, 2009). There has been a large amount of risk 
assessment related Seventh Framework Programme (FP7) projects devoted to this area, including 
MARINA (Managing the Risks of Nanomaterials). Activities within MARINA include material 
characterisation and referencing, exposure and hazard assessment, risk assessment and risk 
management for nanomaterials (MARINA). Other FP7 nanomaterial related projects include: 
nanovalid, nanofate, nanodefine, nanomile, nanopolytox, nanoreg and nanosustain amongst others 
(NanoDefine; NanoFate; NanoMILE; nanopolytox; NANoREG; NanoSustain; NanoValid).  
The circular economy is the subject of a new British Standards Institute (BSI) resource management 
standard to help businesses move towards the circular economy business model. The standard 
(BS8001) is part of the SDS/1 Sustainable Resource Management committee which has members 
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from across UK government, academic institutions, consultancies and industry (BSI, 2014; 
Legislation Update Service, 2015).  
The European Committee for Standardisation (CEN) have recently published a draft (for comment 
from members) guide to assess measurement uncertainty for products and services under the eco-
design directive. The guide offers advice and guidance on measurement uncertainty supporting the 
Ecodesign Regulation (implementing directive 2009/125/EC), guidance on defining reasonable 
tolerances relating to measurement uncertainty, and aims to promote the reliable assessment of 
uncertainty in areas relating to eco-design. The document serves as an effective guide to dealing with 
measurement uncertainties relating to measurement made by the manufacturer who is able to make 
many repeat measurements. It does not help in guiding the evaluation of uncertainty in energy 
measurement through expanding system boundaries where repeated measurement data is not readily 
obtainable or uncertainty relating to the use of the product itself.   
The revision of the ISO 14001 environmental management standard (14001:2015) includes provisions 
for both greater integration of environmental management into business processes and strategy, and 
life cycle thinking. This does not necessarily include a full life cycle assessment, but does require the 
organisation to consider the life cycle of their products (ISO, 2015).   
2.3 Life cycle assessment  
 
Life cycle assessment (LCA) is the analysis of potential environmental impact from a product across 
all stages of its life cycle – from extraction of resources; to production of materials, product parts and 
the product itself; the use of the product; to its end-of-life management (figure 1).  
Environmental impact covers many different types of impact on the environment, including emissions 
of hazardous substances, resource extraction and land use. ‘Product’ can include services as well as 
physical goods 
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.   
Figure 1. Product life cycle schematic 
 
Assessment through a products life cycle can be termed as ‘cradle-to-grave’ assessment. This holistic 
approach brings environmental impacts into one consistent framework. It also avoids the problem of 
burden shifting – shifting an environmental problem to another stage in a products life cycle (Guinee 
et al., 2002).   
LCA can play an important role in the environmental management of products. Product LCA can be 
used for: 
 Product comparison – using LCA to compare two existing products 
 Supply chain evaluation and green procurement  
 Eco-labelling schemes – an increasing number of EU environmental labelling schemes use 
LCA 
 Eco-design – LCA to evaluate product design options for more environmentally friendly 
products 
(Guinee et al., 2002) 
LCA can also be used in a wider sense to inform strategy and policy decision-making. Examples of 
this might include comparison between different types of waste management to inform waste 
management strategy or assessing the environmental benefits of using different types of 
material/transport/energy source etc. to inform strategic direction.  
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There are a number of limitations to LCA. These are: 
 LCA is a steady-state rather than dynamic approach meaning that temporal properties of 
extraction, usage and emission are lost during the inventory analysis step. LCA is however, 
being increasingly used to analyse future technological developments 
 LCA involves technical assumptions and value choices 
 LCA is limited by availability of inventory data. Databases developed often have data gaps, 
or incomparable and obsolete data 
 LCA is a decision support tool rather than a tool to make decisions from. Given its nature, 
level of assumptions and purely environmental focus, the term ‘decision-support’ refers to 
LCAs use in supporting the decision-making process rather than being the sole basis for a 
decision being made 
Overall, LCA enables a full life cycle perspective to be given on a product system. This is in contrast 
with risk assessment approaches which focus on location specific assessment at one particular point in 
the life cycle. The fact that location is considered generically within a country or large region rather 
than at site level like risk assessment, does however introduce uncertainty in understanding more 
granular regional impact. LCA differs from environmental footprints in that its results inform a full 
range of impact areas rather than focussing on one – as carbon footprinting does.  
(Baumann & Tillman, 2004; Guinee et al., 2002) 
LCA is addressed by ISO (the International Organisation for Standardisation) with the 14040 
standards series: Environmental management –Life cycle assessment. This includes: 
 ISO 14040: A standard on principles and framework 
 ISO 14044: Requirements and guidelines 
 ISO 14047: Illustrative examples on how to apply ISO 14044 to impact assessment situations 
 ISO 14049: Illustrative examples on how to apply ISO 14044 to goal and scope definition 
and inventory analysis  
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These standards provide technical guidance on performing a life cycle assessment. They harmonise 
approaches to LCA, meaning that assessment carried out in accordance with the standard has been 
performed following a method covering the same types of consideration at each stage of assessment. 
Other additions to the series include carbon footprinting (ISO 14067) and water footprinting (ISO 
14046), organisation LCAs (14072) and product declaration LCAs (14025). 
The ISO 14040 standard sets out the key features of LCA. There are additional requirements for 
LCAs which are intended for comparative assertion with disclosure to the public. This has strong 
implications for third parties and hence the ISO 14044 standard addresses this (Klopffer, 2014). ISO 
14047 and ISO 14049 provide example of carrying LCA out. ISO 14047 provides example of 
applying ISO 14044 to impact assessment situations, and ISO 14049 describes goal and scope 
definition and inventory analysis (ISO, 2012a, 2012b). The need to split examples of LCA across two 
standards shows the complexity of situations arising in LCA. More recently there has been a trend 
towards standards dealing with specific impact areas – carbon and water use, and also specific 
situations such as products in space and products containing nanomaterials (CEN, 2015; European 
Space Agency, 2014) 
LCA is split into 3 stages of assessment with an interpretation theme running throughout. The 
structure of LCA is shown in figure 2. According to ISO 14044 the initial goal and scope stage should 
include the intended application of the study, and details about the system under assessment including 
reference unit and boundaries.  The inventory stage encompasses data collection, calculation and 
allocation of flows and releases. Finally, the impact assessment stage evaluates the significance of 
potential impacts using data from the inventory stage (Guinee et al., 2002; ISO, 2006a, 2006b).  
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Figure 2. LCA structure 
 
2.3.1 Goal and scope definition 
 
This stage sets out what the study is and is not. Goal definition sets out the intended application, 
reason, intended audience, and whether the results are intended for comparison. Scope definition 
includes key elements such as defining the functional unit (the reference unit for the system under 
investigation), system boundaries, allocation procedure (the allocation of input or output flows 
between the product system under investigation and other systems), data and data quality 
requirements, impact assessment method used, limitations and type of critical review and 
interpretation.  
What is defined within the scope can have a significant impact on the LCAs results. System 
boundaries for example should be set based on the intended nature of the study. The system boundary 
defines what inputs and outputs are included in the study and which are excluded. Assessment should 
be made on the effects of omitting certain parts of the system and what consequence this might have 
on the results of the study. For example, by only considering the cradle-to-gate production process of 
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a product you may be omitting the significant benefits seen within the use phase of the product system 
in question.  
The definition of goal and scope is an iterative process, and therefore can change as the study 
progresses in response to inventory or impact assessment stage findings (Guinee et al., 2002; ISO, 
2006b). The challenge with an iterative process is the time this requires and the need to keep in sight 
the overall objective of the study.  
2.3.2 Life cycle inventory analysis (LCI) 
 
The previous goal and scope stage provides a plan for how the inventory analysis should be carried 
out.  
Quantitative and qualitative data is collected for each unit process. Data collected includes: energy 
inputs, raw material inputs, ancillary inputs; products, co-products and waste; releases to air, water 
and soil; and other environmental aspects. (Guinee et al., 2002; ISO, 2006b) 
2.3.3 Life cycle impact assessment (LCIA) 
 
Impact assessment evaluates the level of potential impact cause through data collected in the 
inventory step. There are a number of impact assessment methods used to represent potential impact. 
Under ISO 14044/14040 it is mandatory to represent all potential impacts individually, it is not 
permitted to unify impacts into a weighted score (if the study is for comparative assertions intended 
for public disclosure). The ISO standards do not recommend a particular impact assessment method, 
but require the use of an internationally accepted one. (Guinee et al., 2002; ISO, 2006a, 2006b) 
Substances are multiplied by their characterisation factor (CF) which converts them into an equivalent 
substance (like CO2 for GWP or SO2 for acidification), these are then added together to create a total 
for each impact category. (Guinee et al., 2002) 
Potential impacts can be represented to ‘midpoint’ level or to ‘end point’. The endpoint indicates the 
end of the cause-effect chain. For example, the chain may start with the emission of a substance, 
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leading to a chemical reaction which releases ozone destroying agents. This leads to a ‘midpoint’ 
value – a measure of ozone depletion potential caused by the emitted substance. This can be 
extrapolated further to show environmental damage e.g. how having less ozone affects human health 
and the environment, which is the ‘end point’ – human health, ecosystems, and resources.  The choice 
of whether to represent a potential impact as a mid or end-point is a trade-off between clarity/ease of 
interpretation and relative certainty. (Baumann & Tillman, 2004; Guinee et al., 2002) 
Endpoints are far more tangible in representing the direct effect of an activity on human health and the 
environment; however, they come with a much higher level of uncertainty. Midpoint impacts are less 
tangible to understand – exactly what does ozone depletion potential or acidification potential mean in 
terms of ecosystem degradation? -but it has a far lower level of uncertainty attached to it. (Earthshift, 
2012; Guinee et al., 2002) 
There are different impact methods depending on mid or end-point level. CML, EDIP and TRACI are 
all midpoint models as is USEtox for human and ecotoxicity. Eco-indicator is an end-point only 
method, and ReCiPe and IMPACT methods provide values for both mid and end-point assessment.  
For the case-studies used within this research ReCiPe mid-point impact assessment was used. ReCiPe 
was chosen as it is a recent method which includes impact categories such as particulate 
matter/respiratory organics which are relevant for the materials being studied.  
2.3.4 Life cycle interpretation 
 
Interpretation should be used to identify significant issues based on the results of LCA and LCIA; 
assess consistency, completeness and sensitivity; and draw conclusions, assess limitation and make 
recommendations from the results.  
Evaluation of the LCA study should be done to establish confidence in the overall results. Uncertainty 
analysis and data quality analysis should be included in evaluation. (Guinee et al., 2002) 
2.3.5 Life cycle assessment software 
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There are a number of different types of commercially available LCA software. These include: 
 Simapro is highly used to calculate carbon footprints and environmental impact across a 
number of impact areas. The software enables the production of Environmental Product 
Declarations and Global Reporting Initiative reports. It comes with a number of life cycle 
inventory databases including ELCD and Ecoinvent, the software includes Monte Carlo and 
Sankey visualisation of life cycle impact. The widespread use of Simapro allows findings to 
easily be shared between interested parties (Simapro, 2015) 
 GaBi is another piece of widely used LCA software. Process flows charts through the life 
cycle allow for inventory visualisation, however, some background documentation for 
datasets are empty meaning at times it lacks transparency. The software also includes a 
number of databases including Ecoinvent and it holds its own proprietary datasets. The LCA 
software and other sustainability reporting tools provided by software owner Thinkstep 
support the non-financial reporting, efficiency improvement and environmental impact 
reduction needs of business (GaBi, 2015) 
 Umberto supports ISO compliant LCAs and footprints, with Sankey plots showing where the 
areas of greatest environmental impact are. The tool supports Ecoinvent and GaBi data, with 
results exportable to Microsoft Excel. The software allows you to run different scenarios 
(technology improvements, changes in pricing etc.) to help with planning – this can be done 
for life cycle costing as well as for environmental impact (Umberto, 2015) 
 OpenLCA provides a free platform for LCA. The software also offers life cycle costing and 
PROSUITE sustainability assessment as a free plug-in. It includes Sankey visualisation and 
Monte Carlo analysis. The software provides some free databases, others such as Ecoinvent 
which can be purchased through their OpenLCA nexus website (OpenLCA, 2015) 
This thesis used both GaBi and Simapro software for LCA case studies on emerging materials. These 
provided up-to-date access to life cycle inventory databases such as Ecoinvent (v2 and 3) (Ecoinvent, 
2015) and analysis tools such as Monte Carlo. Simapro was favoured for its Monte Carlo and analysis 
capabilities – Simapro is able to support more data distributions than GaBi (log-normal, for example) 
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which was useful when using Pedigree Matrix-derived probability distributions. It was also more 
transparent in how the Monte Carlo analysis was calculated as the user is able to view exactly what 
data is pulled through the model. However, life cycle inventory compilation in GaBi was more 
straight-forward due to the use of flow diagrams to help track process flows.  
2.4 Emerging materials and LCA 
 
Applying LCA to any material can often be challenging, involving an amount of assumption and 
uncertainty. The challenge is increased dramatically when considering LCA of emerging materials. 
Given the wide amount of scrutiny towards nanomaterials as a potential emerging concern (EEA, 
2013) they are often given as an example when discussing the application of LCA to an emerging 
materials system. As this thesis does not deal solely with nanomaterials as an emerging system, many 
of the conclusions from this literature review can be applied to other new materials.  
A nanomaterial can be defined as a material which has at least one dimension less than 100nm (ISO, 
2011). They present a particular challenge to LCA due to their unusual materials properties. Som et 
al., (2010) discuss the importance of a whole life cycle approach for fostering communication 
between actors within the value chain/life cycle.  Hichier and Walser (2012) highlight the need to 
understand the advantages and disadvantages of nanomaterials early on so as to build on existing 
strengths and counteract any challenges. Their paper identified shortcomings delaying comprehensive 
application of LCA towards nanomaterials, this confirms earlier work by Bauer et al., (2008), and 
discussed in later work by Miseljic and Olsen (2014). The following considerations for LCA were 
identified by the authors: 
 Goal and Scope definition: study should if possible consider the full life cycle of the 
material. This is in order to capture functionality at every stage.  It is noted by Miseljic 
and Olsen (2014) use and disposal are current not possible to extensively cover in LCA. 
The functional unit must take into account any additional functionality the nanomaterial 
may exhibit; this is so that any additional gains arising from using nanomaterials can be 
properly evaluated. Using a functional unit based on mass does not adequately represent 
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this. System boundaries must also cover the additional functionalities. (Bauer et al., 2008; 
Hischier & Walser, 2012; Linkov & Steevens, 2009; Miseljic & Olsen, 2014)  
 Life cycle inventory: Data is challenging to acquire and there needs to be a far greater 
collaboration with industry to obtain data on production and emissions (Bauer et al., 
2008; Miseljic & Olsen, 2014; Parsons et al., 2015). Data collection should include as 
many parameters as possible: size distribution, surface charge, exact elemental 
composition etc. (Hischier & Walser, 2012). More work is needed to understand fate and 
release of nanoparticles indoors as well as outdoors (Hischier & Walser, 2012).  
 Life cycle impact assessment: A complete holistic impact assessment cannot currently be 
performed, due to unanswered questions regarding release and impact (Miseljic & Olsen, 
2014). Here more work is needed to understand fate and release pathways, which 
exposures occur in the environment and what appearance do nanomaterials take (do 
particles agglomerate, and therefore exactly when can they be classed as nano?) and what 
effect functionalisation has on fate and exposure (Hischier & Walser, 2012; Miseljic & 
Olsen, 2014)  
Grieger et al., (2012) addresses the complimentary use of risk assessment and LCA as a way of 
combating some of the challenges around performing a comprehensive LCA of nanomaterials. They 
state that the decision to use risk assessment, LCA or a combination of the two is likely to be down to 
the goal of the study. In using the methods for decision-making, there needs to be agreed upon best 
metrics. Shatkin (2008) recommends that risks are evaluated based on life cycle stages where 
exposure could occur. Wardak et al., (2008) recommends the combination of risk assessment with 
scenarios and expert elicitation (Wardak, Gorman, Swami, & Deshpande, 2008).  
Gavankar et al., (2012a) recommends the use of screening level assessment until data becomes 
available. They also recommend using tools such as risk assessment in parallel with LCA. They state 
that nanomaterial LCA should not ignore information for bulk material, and consideration should be 
given along the life cycle for when the material is indeed ‘nano’ in size (Gavankar et al., 2012a).  
Gavankar, Anderson and Keller (2014) go on to use nanomaterials as a case study for discussion on 
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communicating uncertainty with emerging materials. They draw on previous work by Walker et al., 
(2003) which is discussed in depth in section 2.7.  Here they highlight the role of scenarios and a 
graphical representation of uncertainty to allow non-technical audiences to understand some of the 
uncertainty challenges with emerging materials of this kind (Gavankar et al., 2014). 
Overall, the use of risk assessment could allow for cradle-to-grave assessment to be carried out even if 
it is at a screening level which is preferable to omitting life cycle stages (often use phase and end-of-
life) all together. In the LCA of emerging materials obtaining relevant data is one of the most 
important areas to develop and improve on in the future. Without accurate industry data on production 
process inputs and emissions, LCAs of emerging materials will struggle to obtain meaningful results.  
2.5 Uncertainty and LCA 
 
For LCA to be a transparent method for decision-support uncertainties must be quantified. Unlike risk 
assessment, LCA is site-independent meaning LCIA disregards location and time. Environmental 
impacts however, can be highly site dependent. Another issue is the large data requirement for 
performing LCA, where there can be gaps in inventory information or data is not of sufficient quality.  
It is important these uncertainties are fully considered if LCA is to be useful as a decision-support 
tool. Uncertainty can be measured both statistically and qualitatively. Statistical uncertainty relating to 
data is often represented by the spread of potential minimum or maximum values.  
When using LCA to evaluate design alternatives, large uncertainties may make it impossible to 
distinguish if one design is more environmentally preferable than the other (Baker & Lepech, 2006) 
(Ciroth, 2004),  understanding uncertainty also increases transparency and helps to identify ‘hotspots’ 
in data quality (Salve, 2008)(Ciroth, 2004).  
2.5.1 Types of uncertainty 
 
Uncertainty arises due to the lack of knowledge on the true value of a quantity (Bjorkland, 2002). This 
is distinguished from variability which stems from inherent variation in the real world and cannot be 
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reduced by further measurement (Bjorkland, 2002; Huijbregts, 2001). LCA uncertainties can be 
categorised in the following way: 
Parameter Uncertainty 
This is data related uncertainty which can relate to imprecise measurement, incomplete or outdated 
measurement or no measurement data available at all. Lack of knowledge in inputs and outputs for a 
system can be managed through using expert judgement to estimate uncertainty ranges for each 
parameter. More specific lack of knowledge on exact processes, material use and emissions can be 
managed by additional data research and estimation techniques, such as the methods suggested in 
Mila i Canals et al (2011) for bio-based products (Mila i Canals et al., 2011). Other methods for 
communicating and managing parameter uncertainty include:  
 standardisation, for increased credibility and study good practice;  
 critical review, to add scientific and technical validity to data that is used; 
  sensitivity analysis, which can be used to evaluate the affect changing input values has on the 
overall output;  
 Classical/Bayesian statistical modelling, using probability distributions to evaluate 
uncertainty;  
 scenario modelling, using assumptions about future technology to evaluate how the model 
may change;  
 probabilistic simulation, such as Monte Carlo simulation to evaluate that affect probability 
distributions have on the overall result.  
(Bjorkland, 2002; Huijbregts, 1998; Huijbregts et al., 2001) 
Model Uncertainty 
This is due to spatial and temporal aspects in LCI which get lost in aggregation, and to uncertainty 
caused by deriving characterisation models. This type of uncertainty can be managed through using: 
Sensitivity analysis, to evaluate the effect of changing LCI aspects; Uncertainty importance analysis, 
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which evaluates the importance of uncertainty associated with a particular parameter relative to total 
uncertainty; and scenario modelling. (Bjorkland, 2002; Huijbregts, 1998, 2001) 
Uncertainty due to choices 
Choice uncertainty comes from elements such as the functional unit or allocation procedure used. It 
also comes from the type of characterisation method used in impact assessment. Choice uncertainty 
can be managed through standardisation, ensuring choices are made in accordance with a best 
practice structure; Critical review, which can help validate choices made; Uncertainty importance 
analysis; and Scenario analysis.(Bjorkland, 2002; Huijbregts, 1998) 
2.5.2 Types of Variability 
 
Spatial variability 
The site independent nature of LCA means variability in, for example, background chemical 
concentration and human population density are not taken into account, with LCA interventions 
summed up regardless of spatial context. This introduces model uncertainty in the LCI stage, and a 
lack of distinguishing between elements such as indoor and outdoor emissions introduces model 
uncertainty in impact assessment. Where it may not be possible to reduce spatial variability, it can be 
communicated through Sensitivity analysis; Uncertainty importance analysis; Statistical analysis; and 
Scenario analysis in the same way that model uncertainty is treated. (Bjorkland, 2002; Huijbregts, 
1998) 
Temporal variability 
This type of variation relates to variation over time in both inventory and impact assessment 
measurements. This can relate to inventory processes or to aspects used to calculate characterisation 
factors such as wind speed or temperature. Temporal variability can be communicated through: 
Sensitivity analysis, Uncertainty importance analysis; Statistical analysis and Scenario modelling. 
(Bjorkland, 2002; Huijbregts, 1998) 
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Variability between source and object 
An example of this is variation occurring between different inputs and emissions for manufacturing 
the same material by different methods for inventory processes, or for impact assessment, variation in 
human body weight or sensitivity to substances affecting human toxicity characterisation. Variability 
can be communicated through Sensitivity analysis, Uncertainty importance analysis, Statistical 
analysis, Scenario modelling and Probabilistic simulation (in a similar way to the representation of 
parameter uncertainty).  (Bjorkland, 2002; Huijbregts, 1998) 
These sources of uncertainty and variability have corresponding methods of management or 
communication depending on their type. Other methods for identifying methods for management of 
uncertainty can rely on assessing level of uncertainty as well as type. 
Uncertainty levels can range from total ignorance –a state of very high uncertainty where almost 
nothing is known, with unknown probabilities and unknown outcomes, to determinism where there is 
a high level of certainty and exact probabilities and outcomes are known. Assignment of uncertainty 
location to level (which in this instance is given as ‘type’) is given in the RIVM/MNP Guidance for 
Uncertainty assessment and communication: Tool Catalogue for Uncertainty Assessment (van de 
sluijs et al., 2004). For uncertainty relating to data, the tool advises the use of sensitivity analysis and 
Monte Carlo analysis for levels of lower uncertainty – statistical uncertainty where range and 
probability of parameter is known. For a higher uncertainty or scenario uncertainty, scenario analysis 
and stakeholder involvement is advised. For levels of recognised ignorance in data and model 
uncertainty (model relating to inputs, structure and technical implementation) extended pedigree 
assessment and the NUSAP system is advised. (van de Sluijs et al., 2004) 
NUSAP stands for: Numerical, Unit, Spread, Assessment and Pedigree. This approach is designed for 
critical review of policy relevant information. NUSAP captures both qualitative and quantitative 
dimensions of uncertainty through the evaluation of statistical spread via sensitivity or Monte Carlo 
analysis using peer review/expert elicitation, followed by qualitative pedigree analysis. These two 
methods are combined to form a NUSAP diagnostic diagram.  The system forms part of wider 
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dialogue on interpreting uncertainty in science for policy making, and ‘post-normal science’ 
discussion by Funtowicz and Ravetz (Funtowicz & Ravetz, 1990, 2003).  
As given in the guidance set out by RIVM/MNP not all tools for uncertainty management are 
appropriate for each type of uncertainty all the time and their application also depends on the level of 
uncertainty within the system under investigation.  
The following subsection gives a more detailed description of methods proposed for managing 
uncertainty. 
2.6 Uncertainty management methods 
 
2.6.1 Sensitivity analysis 
 
Sensitivity analysis is the study of how variation in the output of a model can be allocated 
quantitatively or qualitatively to different sources of input variation (van de Sluijs et al., 2004).  
Sensitivity analysis can be used as a tool for screening:  a general investigation into the effects of 
variation in inputs. This can be used to investigate which are the most important sensitivity factors. It 
can also be used for local sensitivity analysis: evaluating the effect of changing each input variable 
but keeping others the same. Or for evaluating global effects: allowing all inputs to vary over their 
ranges.  
Strengths of sensitivity analysis are that it can give an insight into the influences different inputs have 
on the overall result. It is easy to use and can be used to assign an order of importance to input 
parameters.  
Weaknesses of sensitivity analysis are that it can end up overloading the practitioner with information. 
Because it does not require an assessment of likelihood in assigned ranges, much of the information 
may not be useful in evaluating uncertainty. Also, if elements are tested individually this does not take 
into account interdependencies between parameters. (van de Sluijs et al., 2004) 
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2.6.2 Scenario analysis 
 
A scenario is a description of how the future may unfold, based on ‘if-then’ propositions (Alcamo, 
2001). Environmental scenarios are often used to create a link between science and policy, illustrating 
different policy pathways for achieving environmental targets or showing environmental risks of 
inaction. They are also useful for organising, communicating and connecting complex information 
about an environmental problem. Enquiry-driven scenario analysis can be used to estimate the future 
state of the environment. The product of this type of assessment is normally a set of quantitative 
scenarios, an example being climate scenarios based on global climate models. Strategy-driven 
scenarios can be useful in both policy and business contexts. Scenario planning is an increasingly 
important part of business practice. Michael Porter defines scenarios as ‘a internally consistent view 
of what the future might turn out to be – not a forecast, but one possible future outcome’ (Porter, 
1985). Scenario planning is a crucial part of Shell’s 1990 decision-making process. Their scenario 
planning includes a green/sustainable world scenario for which all projects needed to prove they could 
survive (van de Heijden, 2005).       
Strengths of scenario analysis are that they give a key insight into future developments and are often 
the only way to deal with the unknown future. They can be used to create awareness on alternative 
development paths, risks, opportunities and possibilities for policies or decision-making (van de Sluijs 
et al., 2004).  
Weaknesses include that for qualitative assessment it is difficult to test underlying assumptions. 
Scenarios may suggest a level of objectivity or completeness in assessment – X number of scenarios 
does not necessarily mean there are X number of ways the future might develop. Quantitative 
scenarios may allude to a level of certainty about the future that we do not have.  Scenarios can tend 
to reflect our present expectations and beliefs about the future, meaning they may tend to be more 
conservative (van de Sluijs et al., 2004). 
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2.6.2.1 Scenarios and LCA 
 
For LCA scenario analysis is a useful tool for evaluating the future. Scenario terminology has been 
used in two ways: to describe a snapshot in time or conditions of important variables at some time in 
the future; or to describe the evolution of the present to one of several futures (Futures Group, 1994; 
Pesonen et al., 2000). In LCA Pesonen et al (2000) describe a scenario as ‘a description of a possible 
future situation relevant for specific LCA applications, based on specific assumptions about the 
future, and (when relevant) also the presentation of the development from present to future’ (Pesonen 
et al., 2000). Future research methods for LCA were divided into six different areas:  
 Extrapolating methods: extending the past to logically represent the future through trend 
analysis and econometrics. (The futures group, 1994a; Pesonen et al., 2000) 
 Exploratory methods: the structuring of possible futures, generally using qualitative 
descriptions. (The futures group, 1994a; Pesonen et al., 2000) 
 Modelling: Determining the mechanisms for past events and using these to predict the future. 
This can be done through stakeholder analysis activities. (Pesonen et al., 2000; Vanston, 
1995) 
 Scenario methods: these combine aspects from different tools in order to model for a number 
of different potential futures. (Pesonen et al., 2000) 
 Participatory methods: this involves stakeholder engagement and participation through tools 
such as Delphi methods, scanning and focus groups. (Pesonen et al., 2000) 
Pesonen et al., (1998, 2000) separates scenarios into ‘what-if’ scenarios and ‘cornerstone’ scenarios. 
What-if scenarios are used to compare two or more options in a well-known situation. The research 
objective is generally simple and the research has a well-defined plan and standardised approach. 
‘Cornerstone’ scenarios describe those where the field of research is new or unknown to the 
researcher. The research plan is open, with scenarios developed through the course of the study. 
Cornerstone scenarios can be used in design and development or to produce strategic information. 
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They may also serve as a base for more specific ‘what-if’ research. (Pesonen, 1998; Pesonen et al., 
2000) 
Relating scenarios to LCA stages, stages are considered in the following way: 
Goal and Scope  
 Scenarios are framed in context of study through defining a set of assumptions 
 Scenarios can relate to system boundaries, allocation, characterisation or weighting etc 
Life cycle inventory analysis  
 For technology not in use, input data may need to be estimated. This increases the need for 
data uncertainty treatment, and an approach developed for estimating input values.  
 The validity and probability of the scenario occurring should be discussed when interpreting 
the LCI stage. 
Life cycle impact assessment 
 Environmental and valuation scenarios are used in impact assessment. 
 Environmental scenarios calculate potential impacts based on system inputs and emissions 
 Valuation scenarios correspond to weighting  
Interpretation 
 Uncertainty in results and quality of data should be assessed 
 Strengths and limitations of scenarios addressed 
A cornerstone approach is used in this study to evaluate how scenario analysis can be used in the 
context of emerging materials and technology evaluation. It uses an exploratory screening LCA 
approach to determine key focus areas for future development of the technology so that it may 
become an environmentally favourable alternative to existing approaches. 
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2.6.3 Statistical analysis 
 
Statistical techniques can be used to determine the shape of data distribution. These are goodness-of-
fit tests (GoF) on the sample in question, which include: 
 Kolmogorov-Smirnov test 
 Anderson-Darling test 
 Chi-Squared test 
These tests work well for large sample sizes, but do not work well for smaller samples. (NIST, 2016)  
In cases where smaller samples sizes exist (>15 values) t-testing can be used. Often in LCA, and 
especially with LCA of new technologies, you may only have 1 or 2 values available per independent 
variable, particularly if you are relying on secondary data and literature values. In this case it is very 
difficult to assign a probability distribution, and the only option is to assign qualitative judgement 
using a pedigree matrix. However, by default the pedigree matrix assigns a log-normal distribution. 
The log-normal distribution is one that is often assigned to industrial data sets and nature and is the 
most likely value square of geometric standard deviation. This is in contrast to other distributions such 
as Uniform where no preference for an average is given just a direct mean of the maximum and 
minimum values and Normal where the most likely value is twice the standard deviation (Grant, 
2009). 
2.6.4 Pedigree matrices 
 
The pedigree matrix approach originates from the Funtowicz and Ravetz (1990) NUSAP scheme for 
modelling uncertainty. The matrix element has since been adopted by Ecoinvent having been 
transferred to life cycle inventory assessment by Weidema and Suhr Wesnæs (1996). The matrix is a 
qualitative assessment of data quality based on several different indicator areas.  
If single parameter uncertainties are unknown then this approach can be used to calculate uncertainty. 
Data is assessed across five different areas for data quality:  
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 Reliability 
 Completeness  
 Temporal differences  
 Geographical differences  
  Further technological differences   
The indicator score areas relate to reliability, completeness, temporal correlation, geographical 
correlation and further technological correlation. Reliability relates to the sources and methods used to 
obtain the data. Completeness relates to the representativeness of the sample. Temporal Correlation 
relates to the time correlation between the year of the study and the year of the data. Geographical 
correlation is the correlation between the defined area and the obtained data. Further technological 
Correlation relates to all the other aspects of correlation relating to temporal and geographical 
considerations. These are scored at levels 1-5 (1 being the highest score, 5 being the lowest) and can 
then be combined with a ‘basic uncertainty factor’ which is assigned based on the type of input or 
emission. The total uncertainty is expressed as a 95% confidence interval, SDG95 (square of the 
geometric standard deviation) (equation 1) (Ciroth, 2008; van de sluijs et al., 2004; Weidema & 
Wesnaes, 1996) 
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Table 1. Pedigree matrix used in Ecoinvent v3 
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Table 2. Basic uncertainty factor table taken from Ecoinvent v3 
 
 𝑆𝐷𝐺95 ≅ 𝜎
2
𝑔 =  𝑒𝑥𝑝
√∑(𝑈1−𝑈5)2+(𝑈𝑏)2     (1) 
Where: 
U1=Uncertainty factor for reliability  
U2=Uncertainty factor for Completeness  
U3=Uncertainty factor for Temporal differences 
U4= Uncertainty factor for Geographical differences 
U5= Uncertainty factor for further technological differences 
Ub=Basic uncertainty factor 
 
The Basic uncertainty factor (table 2) is determined by expert judgement on the relation of uncertainty 
to type of input or emission. Substances such as heavy metals have a high basic uncertainty factor 
compared to emission of CO2 to air where experts may find this measurement more precise for 
example.  
Equation 1 sums together each uncertainty factor based on its conversion from the Pedigree Matrix. 
This calculates geometric standard deviation for each parameter.  
Once this is calculated for all parameters this can then be used in Monte Carlo analysis. By using a 
Pedigree Matrix approach it enables the practitioner to determine a value for uncertainty through 
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qualitative assessment where probability ranges are not known. A weakness of the method is that by 
using a pedigree matrix, subsequent Monte Carlo simulation is tied into assuming a log-normal 
Probability Density Function (PDF). (Guo & Murphy, 2012; van de sluijs et al., 2004).  
Any uncertainties in scoring for the matrix are also then propagated though into the Monte Carlo. The 
use of Pedigree Matrix derived values for Monte Carlo applies qualitative review of data to statistical 
analysis. Where parameter uncertainty is very high, parameter standard deviation values may not 
contribute in a meaningful way to assessment of uncertainty due to the amount of uncertainty 
associated with deriving the standard deviation value used for the analysis.  
2.6.5 Probabilistic Simulation 
 
2.6.5.1 Monte Carlo 
 
Probability is a measure of likelihood that an event will occur. Often in LCA Monte Carlo 
probabilistic simulation is used to propagate uncertainty. Monte Carlo analysis is a statistical tool used 
to analyse error propagation. It structures the distribution of model outputs based on uncertainty 
distributions of model inputs and parameters. Put simply, Monte Carlo allows you to see what effect 
uncertainty in your inventory information has on your environmental impact.  
Strengths of Monte Carlo analysis are that it provides an insight into how errors propagate through a 
model. It also allows for the use of different Probability Density Functions (PDFs).  
Weaknesses of Monte Carlo are that the analysis is limited to the uncertainties which can be 
quantified and expressed as a probability. It also relies on the user knowing what the likely probability 
density function might be (if there is not enough data available for statistical derivation of the PDF), if 
not then it is then based purely on an educated guess. (UVED; van de Sluijs et al., 2004) 
Monte Carlo has been used in LCA by a number of authors to communicate LCA uncertainty 
(Sonnemann, Schuhmacher and Castells, 2001; Sonnermann, Castells and Schuhmacher, 2004; 
McCleese and LaPuma, 2002; Hung and Ma, 2009) 
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2.6.5.2 Variations on Monte Carlo probabilistic assessment  
 
Clavreul et al., (2013) contrast typical Monte  Carlo simulation using probability distributions with 
the use of fuzzy intervals to propagate epistemic uncertainty  (Clavreul, Guyonnet, Tonini, & 
Christensen, 2013b).  
Lo et al., (2005) use the Bayesian Monte Carlo method which incorporates Monte Carlo (MC) 
analysis with Bayesian inference. This involves the use of MC using probability distributions derived 
from initial study, followed by further analysis to determine posterior distributions which can then be 
applied with the prior. This allows for MC which incorporates subjective judgements about 
uncertainty in the model paramters (S.-C. Lo, H.-w. Ma, & S.-L. Lo, 2005) 
 
2.6.6 Critical review/expert engagement 
 
This is a qualitative method for gaining expert judgement. It can be done in a structured approach 
through an expert elicitation mechanism to obtain PDFs which reflect expert’s degree of belief, or it 
can be used to check parameter and model assumptions. Expert engagement can be used to inform 
sensitivity or scenario analysis, with a form of critical review specified in the ISO 14044 standard 
(ISO, 2006b). 
By engaging with experts this can add weight to the types of assumption made in an LCA study, and 
can help highlight important areas of uncertainty, and potential future technology changes to inform 
scenario development. A downside to engagement with experts is that the views and opinions of 
experts may not actually reflect future outcomes or developments (van de Sluijs et al., 2004). 
2.7 The three dimensions of uncertainty 
 
Uncertainty can be described as being composed of three different dimensions: Nature, Location and 
Level (Walker et al., 2003). Location is introduced in section 2.5.1 as types of uncertainty. 
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 Nature considers whether the uncertainty is due to imperfections of our knowledge or due to inherent 
system variability. This can be described as either Aleatory or Epistemic uncertainty. Aleatory 
uncertainty represents inherent randomness in the system which cannot be reduced through further 
measurement or knowledge (Bedford & Cooke, 2001). In LCA this might be referred to as variability. 
Epistemic uncertainty reflects lack of knowledge about the system under investigation, which can be 
managed and reduced through further measurement or greater system understanding (Bedford & 
Cooke, 2001; Skinner et al., 2013). 
Location describes where the uncertainty is situated within the model complex (W. Walker et al., 
2003).  For LCA this can be parameter, model, choice uncertainty or spatial, temporal or source and 
object variability (Huijbregts, 1998).   
Level can be the point at which the uncertainty sits on the spectrum of understanding from 
deterministic knowledge to total ignorance. Analysis of uncertainty should first look to define these 
dimensions, identify where they apply within the environmental assessment, and manage through 
selection of appropriate techniques depending on the mix of dimensions (figure 3) (Skinner et al., 
2013).  
 
Figure 3. Uncertainty management process (adapted from Skinner et al (2013)) 
 
There are a number of different methods suggested for evaluating LCA uncertainty based on nature 
and location (Bjorkland, 2002; Ciroth, 2008, 2010; Clavreul, Guyonnet, Tonini, & Christensen, 
2013a; Huijbregts et al., 2001; Lloyd & Ries, 2008; S. Lo, H. Ma, & S. Lo, 2005; Sonnemann, 
Schuhmacher, & Castells, 2003; Tan, 2008). There is less guidance on how nature and location of 
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uncertainty can be treated depending on level of uncertainty. The levels of uncertainty are shown in 
figure 4 (Skinner et al., 2013; van de Sluijs et al., 2004).  
 
Figure 4. Levels of certainty (adapted from van der Sluijs et al (2004) and Skinner et al (2013)) 
 
Walker et al (2003) and more recently Skinner et al (2013) define the levels of uncertainty (figure 4) 
using the following terminology:  
Determinism is an ideal state in for which everything is known exactly. It is not possible to attain, but 
serves as the lowest level of uncertainty on the spectrum. (Walker et al., 2003) 
Statistical uncertainty refers to uncertainty that can be described in statistical terms. This can relate to 
data measurement uncertainty, sampling error, inaccuracy or imprecision. Probabilities can be 
confidently defined, but the outcomes of those probabilities are less well defined. (Skinner et al., 
2013; Walker et al., 2003) 
Scenario uncertainty means there is a range of possible outcomes which are known, but the 
mechanisms leading to these outcomes are not well understood and as such probabilities cannot be 
defined.   
Recognised ignorance relates to a state where neither probabilities nor a complete set of outcomes are 
known.  
Indeterminacy/total ignorance is where nothing is known and there is a total state of ignorance. This 
is at the opposite end of the spectrum to determinism.  
Levels of uncertainty and corresponding methods for evaluation depending on location are given by 
van der Sluijs et al (2004) in the Netherlands National Institute for Public Health and the Environment 
(RIVM) tool catalogue for uncertainty assessment. The catalogue defines range of uncertainty from 
determinism to recognised ignorance. In the case of data uncertainty methods which can be applied 
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where the level of uncertainty is low (statistical uncertainty) are sensitivity analysis, Monte Carlo 
analysis and expert elicitation. Methods which can be applied to data uncertainty where the level of 
uncertainty is high (recognised ignorance) includes scenario analysis, data and model validation, and 
expert elicitation.  
Gavankar, Anderson and Keller (2014) address uncertainty communication in the context of 
uncertainty level. They propose using an uncertainty diamond to communicate uncertainty, which is a 
four point radar plot which charts level of uncertainty (low, medium, high) based on different 
uncertainty locations. Through their evaluation of the area they found scenarios to be the preferred 
method to address epistemic uncertainty, but that none of the scenarios they assessed came with 
information on likelihood. Overall, they found that current methods for communicating uncertainty 
fell short due to their inability to communicate aspects such as likelihood (Gavankar et al., 2014).  
This is true for many studies; however, in situations of very high uncertainty (bordering on total 
ignorance) it is unlikely the practitioner would be able to assign likelihoods to scenarios.  
2.8 External product declaration tools 
 
LCA is increasingly used by companies to inform decision making. Masanet and Chang (2014) 
surveyed a group of LCA practitioners predominantly from consulting or manufacturing sectors. They 
were most likely to apply LCA during the purchasing of goods, technologies or services, during 
research and development or to inform business strategy and corporate environmental reporting. The 
practitioners reported they would be most likely to use LCA to help improve sustainable energy 
systems, evaluate water quality/scarcity, and climate change (Masenet & Chang, 2014).  
As shown by this survey the application of LCA in business is often for environmental performance 
evaluation, benchmarking and environmental reporting. This often takes the form of ecolabels or 
product declarations. These are used by companies as an external declaration method to show their 
product meets particular environmental credentials. There are a number of different types of labelling 
schemes:  
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 Type 1 – Ecolabel is a voluntary, third party programme based on a number of different life 
cycle attributes (but not a full LCA), which is verified by a third party 
 Type 2 – Self declaration label with no verification requirement by an independent body 
 Type 3 – These are Environmental Product Declarations (EPDs) requiring a full product life 
cycle assessment verified by a third party. (Global Ecolabelling Network, 2004) 
Ecolabelling is a useful tool for government to encourage good environmental practice, but it is also 
useful for business to identify and establish markets for their certified environmentally products. The 
main objectives of ecolabelling and EPDs are to protect the environment, encourage environmentally 
conscious innovation and leadership and build consumer awareness on environmental issues.  
The Product and Organisational Environmental Footprint (PEF/OEF) (EC, 2014a) came about 
following the proliferation of ecolabels and  green product declarations in recent years, all assessing 
over slightly different metrics. The Sustainable Consumption and Production Action Plan concluded 
that the European Commission should create a common voluntary methodology for the carbon 
footprinting of products. Following this other environmental impact categories were include. The 
footprint takes into account the full life cycle of a product system. The PEF includes the following 
impact assessment categories: 
 Climate change (Bern model – GWP over a 100 year time horizon, IPCC 2007) 
 Ozone depletion (EDIP model, WMO 1999) 
 Ecotoxicity – aquatic, freshwater (USEtox model) 
 Human toxicity – cancer effects (USEtox model) 
 Human toxicity – non-cancer effects (USEtox model) 
 Particulate matter/respiratory organics (RiskPoll model, Rabl and Spadaro, 2004) 
 Ionising radiation – human health effects (human health effects model, Dreicer et al. 1995) 
 Photochemical ozone formation (LOTOS-EUROS model, ReCiPe) 
 Acidification (accumulated exceedance model, Seppälä et al., 2006, Posch et al, 2008) 
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 Eutrophication - terrestrial (accumulated exceedance model, Seppälä et al., 2006, Posch et al, 
2008) 
 Eutrophication – aquatic (EUTREND model, ReCiPe) 
 Resource depletion – water (Swiss Ecoscarcity model, Frischnecht et al, 2008) 
 Resource depletion – mineral (CML2002 model) 
 Land transformation (Soil organic matter (SOM) model, Milà i Canals et al, 2007) 
(EC, 2014a) 
 The PEF and OEF aim to produce a common way of assessing the environmental footprint of a 
company or product. This is useful for both product declaration, and for insurers and investors to 
assess the environmental risks posed by a company’s activity.  The PEF and OEF may become 
increasingly important for business and the direction of future policy-making. However, despite 
claiming the PEF aims to reduce costs (particularly for SMEs), its complexity and resource intensity - 
with question marks over the impact methods chosen and methodological requirements- mean that at 
present its actual relevance to business remains to be proven  (Finkbeiner, 2014).  
This conclusion could mean the OEF and PEF struggles to obtain industry ‘buy-in’ despite a provision 
for being able to limit impact categories to those which are deemed most relevant. For the OEF/PEF 
to be successful it must demonstrate a clear relevance and usefulness to industry, ideally something 
which can be used internally as well as externally. 
 
2.9 Chapter summary and definition of research need 
 
Emerging materials are a growing concern in the area of environmental assessment. LCA and other 
environmental systems analysis techniques are increasingly used to evaluate new materials. Analysis 
is done through producing an account of material and energy inputs and emissions across the life 
cycle from raw materials production through to end-of-life.  
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Emerging materials including those which may be used to substitute existing materials are often 
challenging to apply LCA to, given the high levels of uncertainty associated. There is no agreed set of 
considerations or approach to dealing with emerging materials. This means that in many cases the 
emerging materials are not dealt with adequately in LCA, with uncertainties not properly 
communicated. This can be problematic particularly for decision-making where stakes may be high.  
The current research discussed in sections 2.4 and 2.7 of the literature review highlights some of the 
challenges in emerging materials LCA, but does not go far enough in suggesting approaches for 
situations of very high uncertainty – particularly in how that uncertainty is then communicated and 
what the implications are for decision-making.  The graphical representation of uncertainty suggested 
by Gavankar, Anderson and Keller (2014) provides a useful basis from which to consider levels of 
uncertainty at each location. The thesis builds on this work to evaluate, based on an understanding of 
location and level of epistemic uncertainty, what communication techniques are appropriate. 
Section 2.8 details the number of external product declaration and certification programmes available 
for products. These are based on an LCA approach evaluating impact across a number of different 
areas. It is important that these a mechanisms allow businesses use them in a way which can aid 
internal decision-making, given their resource intensiveness. This is an important area to consider 
when evaluating how LCA might be used in the future to assess new materials within an organisation  
The literature review has identified a need to better understand the life cycle impacts of emerging 
materials, and what the implications are for decision-making, both in policy and in business. This 
addressed across three case study areas, each discussed in the following three chapters.  
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3.1 Introduction 
 
The substitution of existing materials can potentially have unforeseen consequences and 
environmental impacts. It is important we understand the potential life cycle impacts caused by 
changes in material usage, to avoid future environmental damage.  
Shifts in materials usage generally come as technology is improved, meaning that better suited, 
cheaper materials can perform the same or similar functions, or than our understanding of that 
material has changed indicating that it poses a direct threat to human health and the environment. For 
the electronics and electrical equipment industries this shift in material use came due to the 
implementation of the Restriction of Hazardous Substances (RoHS) directive (2002/95/EU) forcing 
the substitution of lead-based solders with lead-free solders.  
RoHS was implemented as a directive along with the Waste Electronics and Electrical Equipment 
(WEEE) Directive (2002/96/EC). Both directives came into force due to growing concern over the 
environment and health risks associated with waste electronics and electrical equipment in landfill and 
at unregulated recycling sites. The concern faced from the use of lead is that lead solder could leach 
into ground water or that unregulated recycling of Printed Circuit Boards (PCBs) could release lead 
fumes which could be breathed in causing lead poisoning. This is despite the low levels of lead used 
within electronic solders (<1%) compared with other lead uses such as for storage batteries (86.6%) 
(figure 5).  
 Lead is used in electronics as an inert diluent for tin in solder interconnects. It is used to improve the 
mechanical properties of tin and reduce is melting temperature making processing easier. Lead free 
solder generally contains a higher tin content alloy containing a percentage or silver, copper and/or 
bismuth.  
There is no ‘drop-in’ replacement for lead solders (Kostic, 2011). Lead-free solders face a number of 
performance issues including tin whiskering - small metallic growths which, if long enough, can short 
one circuit to another causing product failure. Whiskering of tin has been linked to a number of high 
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profile product failures (Kostic, 2011). Beyond materials performance considerations, comparative 
study on the potential environmental impacts of substitute lead-free solders should have been an 
important aspect when considering lead as an inclusion in RoHS.  
 
Figure 5.Percentage of lead used in electronic solder interconnects compared with global lead use, adapted from Turbini and 
Bernier (2004) (LJ Turbini & Bernier, 2004) 
 
Global e-waste is a growing concern, and a mechanism for effectively reducing the environmental 
impact of electrical and electronic and electrical equipment is needed. The shipment of e-waste abroad 
to parts of Africa, China and India has led to large toxic waste sites, with open-air, poorly ventilated 
burning of electronic components for metal recovery. The WEEE directive alongside RoHS was 
designed to increase the volume of e-waste diverted from landfill and unregulated recycling.  
This chapter reviews life cycle comparisons between lead and lead-free solders, to evaluate the case 
for policy-makers to consider the impact of replacement materials, when current systems are assessed 
for regulation. Without a full understanding of the life cycle impacts of the replacement, decision-
makers cannot know whether the decision to regulate is likely to reduce overall environmental impact. 
If tangible impact reduction is not achieved, then costly regulation (it is thought the regulation of lead 
has cost Intel over $100 million (Kostic, 2011) is difficult to justify. 
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3.2 Producer responsibility and the WEEE Directive 
 
The WEEE Directive (2002/96/EC) was brought about by the EU in to control the disposal of end-of-
life electrical and electronic equipment, amounts ending up in landfill and shift the responsibility of 
product end-of-life to the manufacturers and importers within EU member states (Goosey, 2009; 
Ongondo, Williams, & Cherrett, 2011). The main environmental objectives of the directive are to: 
• Increase recovery and recycling rates 
• Reduce the amounts of waste going to landfill 
This is done through separating collection streams and agreeing to treat each stream to set standards. 
The ‘producer responsibility’ part of the legislation is aimed directly at producers and importers of 
electrical and electronic equipment (EEE) into the EU under the Polluter pays Principle. This makes 
producers, re-branders and importers of EEE liable for collection and treatment of electrical waste at 
end-of-life.   
Electrical and electronic equipment can be defined as:  
‘equipment dependent on electric currents or electromagnetic fields in order to work properly; is 
equipment for the generation, transfer and measurement of such currents; is designed for use with a 
voltage not exceeding 1000 volts for alternating current and 1500 volts for direct current; and is in one 
of the ten EEE categories given in the directive’ (weeeregistration) 
The increasingly short lifetimes of some products such as mobile phones has led to a greater variety of 
metals entering the waste stream. As metals used in printed circuit boards (PCBs) diverge away from 
traditional metals such as tin, copper and lead, this new mix of metals has the potential to cause issues 
for end-of-life treatment (Goosey, 2009). End-of-life take back is implemented in a number of ways. 
Business to consumer waste (B2C) is the responsibility of the distributor or producer who is liable for 
the proportion of WEEE generated from the EEE they place on the market. This is calculated as an 
annual fee the organisation registered with a compliance scheme must pay in order for waste to be 
collected and sorted at municipal collection sites and then processed. Retailers and producers must 
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also offer the option to customers for take-back of WEEE. The fee charged to the producer can be 
calculated from the weight of EEE placed on the market and partly from the total annual turnover of 
the company.   
3.2.1 Global Policy Perspectives on E-waste 
 
In Germany the WEEE directive has been implemented via a legal act covering the sale, return and 
disposal of EEE, which was passed in 2005. For ‘historic’ WEEE there is no direct financial 
responsibility on market share, responsibility is calculated from which producer is responsible for 
particular container pick-ups (Ongondo et al., 2011). In the UK the WEEE directive has been 
converted directly into law. By law, producers are required to join producer compliance schemes 
approved by the Environment Agency (Ongondo et al., 2011). Distributers are required to offer take-
back either by joining up to a Distributer take-back scheme (DTS) or by offering free in-store take-
back. In Switzerland the Swiss association for information, communication and organisation 
technology (SWICO) and the Swiss Foundation for waste management (S.E.N.S) both established in 
the early 1990’s are responsible for processing WEEE. These schemes are well established and offer 
complete take-back and recycling using financing from advanced recycling fees (ARFs) which are 
generally passed down from producers to distributers and then finally to the consumer (Ongondo et 
al., 2011; Widmer, Oswald-Krapf, Sinha-Khetriwal, Schnellmann, & Bo¨nia, 2005)  
In the US currently there is no full mandatory law covering WEEE. EPR and take-back schemes have 
been adopted in some states. The EPA in the US has established a campaign to encourage e-waste 
prevention, reuse and recycling, and the electronic Manufacturers Recycling Management Company 
(MRM) has also been set up consisting of leading producers such as Sharp, Toshiba and Panasonic to 
launch a nationwide recycling scheme (Ongondo et al., 2011; L Turbini, 2001). However, the current 
lack of complete coordination of approaches across the whole of the US has led to a real disparity in 
the way reduction of WEEE ending up in landfill is tackled.   
In Japan e-waste policy has been more proactive. With legislation such as Home Appliance Recycling 
Law (HARL) which came into force before the WEEE directive in 2001. Japan have embraced efforts 
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to reduce landfilling of electronics and also legislation relating to banning of hazardous substances 
with many Japanese companies opting for Pb-free electronics well before the Restriction of 
Hazardous substances act (RoHS) ban on lead came into place (Turbini, L 2001).  In managing take-
back schemes several key areas must be considered such as legal regulation, system coverage, system 
financing, producer responsibility, and compliance assurance. When looking at legislation such as 
HARL system coverage is reduced to cover only televisions, refrigerators, washing machines and air 
conditioning units. The producer responsibility element is much greater under WEEE legislation than 
HARL, which balances responsibility between both producer and consumer with the consumer 
charged a recycling fee on disposing the electrical product listed. HARL has strong legal targets for 
each type of waste both product and brand specific. This has given rise to high proportions of 
electrical material being recycled and reused within Japan since HARLs introduction. (Goosey 2009; 
Ongondo et al. 2011) 
Sorting and separating waste correctly is key for its later processing and/or safe disposal. Waste is 
generally considered under the ‘Waste Hierarchy’ of reduce, reuse, recycle, dispose with reduction 
and reuse considered clearly as more favourable options than disposal. WEEE is collected and sorted 
locally, before being sent to be dismantled and either mechanically or chemically recycled, or further 
processed through incineration or refining. During these steps of waste disposal WEEE falls under a 
large amount of other legislation such as Environmental Protection (Duty of Care) Regulations, the 
Control of Pollution Act, Controlled waste Regulations, Landfill Regulations, and EU Regulations on 
Shipments of Waste (1013/2006) amongst many others.  The shipment of waste for processing either 
inside or outside the EU is common. The Basel Convention came into place in 1989 to regulate the 
movement of hazardous waste, which includes WEEE, between countries. 134 parties are signed up to 
the convention, however, only 71 countries excluding large exporters of WEEE such as the US have 
ratified the more recent Basel Ban which bans the export of hazardous waste covered by the Basel 
convention from OECD countries to non-OECD countries. Illegal shipment of waste to the 
developing world is becoming an increasingly large problem with ramifications both in terms of 
human health and for the environment ((BAN); Goosey 2009).  
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WEEE legislation was put in place to deal with the growing rapid increase in waste electrical and 
electronic equipment. Its aim is to increase the rate at which waste electronics are reused and 
recycled, with fewer electrical items per head ending up in landfill each year. The Producer 
Responsibility element to the legislation is aimed at making those manufacturers, distributors and 
importers of electrical goods liable and responsible for their end-of-life treatment. Despite these 
expectations to come out of WEEE, the desired outcomes have not been fully met. The targets set; 
logistics and actual implementation of the directive; along with the contrast in its implementation 
across many countries in the EU have been major stumbling blocks in its operation. The following 
two sections discuss the issues faced by business, the impact the legislation has had on the 
environment and its current status. 
3.3 The RoHS Directive  
 
The Restriction of Hazardous Substances Directive (2002/95/EU) is a stand-alone directive created to 
compliment the WEEE directive published in 2003. The directive was put into place in an attempt to 
reduce the toxicity of certain components within electrical and electronic equipment. The substances 
chosen were metals lead, cadmium, mercury and hexavalent chromium and fire retardant chemicals 
polybrominated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs).   These have been 
limited down to the levels given in Table 3 (Goosey, 2009; Wright & Elcock, 2006) . 
Table 3. Percentage limits to restricted substances under RoHS (Goosey 2009; Wright and Elcock 2006) 
Substance Maximum percentage (%) by weight allowed 
Lead (Pb) 0.1 
Mercury (Hg) 0.1 
Hexavalent Chromium (Cr) 0.1 
Cadmium (Cd) 0.01 
PBB 0.1 
PBDE 0.1 
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The reasoning for the implementation of RoHS along with WEEE legislation is based on a hazard 
focused rather than risk based approach (Andrae, 2010; Williams, 2011).  A large number of papers 
have been published focused on the negative impacts lead, cadmium, mercury and certain forms of 
chromium have on the environment (Järup, 2003; Smith, 2004; Townsend, Musson, Dubey, & 
Pearson, 2008; Zahir, Rizwi, Haq, & Khan, 2004). Despite the fact there is no proof that harm has 
come to the consumer from poisoning of theses heavy metals whilst EEE is in use, risk to 
manufacturing plant employees and landfill leaching were cited as reasons for adopting the 
legislation.  
Most notorious health effects from lead poisoning include cognitive defects in children and a lowering 
of intelligence quotient (a blood lead level of between 10µg/dL and 20µ/dL is linked with up to a 4 
point reduction). In adults lead poisoning is associated with anaemia, kidney disease, gastrointestinal 
disorders and brain damage  (Järup, 2003; Lim & Schoenung, 2010). In the United States since the 
advent of lead free petrol the average blood lead level is less than 5 µg/dL however, hot spots of 
higher lead levels than this exist close to old mining sites and illegal disposal sites from industry 
(Järup 2003). 
Cadmium is recovered as a by-product from zinc smelting. The major uses for Cadmium include: as a 
stabiliser for polyvinyl chloride; a pigment in plastics and glass; electrode materials; protective plating 
for steel; and as an alloying component (Ursfnyovfi & Hladfkovfi, 2000). Its volatility at 
comparatively low temperatures makes it easily separated from other metals and recycled. Cadmium 
can be absorbed into the body through either inhalation or through passing into the blood stream. It 
collects in both the liver and kidneys, leading to toxic renal effects. Prolonged exposure to cadmium 
can lead to hypertension, lung cancer and mild anaemia (Ursfnyovfi and Hladfkovfi 2000).  It is also 
toxic to the environment and aquatic organisms.  
Mercury can be present in the environment in the form of either elemental mercury, methylmercury or 
as another organic or inorganic mercury compound. Elemental mercury can enter the body through 
inhalation or through the blood stream mild symptoms include headaches and neuromuscular changes, 
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with higher exposure leading to respiratory failure and death. Methylmercury can impair neurological 
development in children. Exposure to mercury compounds can lead to damage to the nervous system, 
kidneys and gastrointestinal tract. (EPA) 
Chromium exists in the environment in two different oxidation states: either trivalent chromium (III) 
or hexavalent chromium (VI). Chromium (III) is much less toxic than chromium (VI). It is used in the 
manufacture of dyes and pigments, for chrome plating, in the textiles industry and toner for 
photocopying and printing. The human health effects of chromium (VI) through inhalation are; effects 
on the respiratory tract, bronchitis, deceased pulmonary function, asthma and pneumonia. Through 
ingestion it has serious effects on the liver, kidneys, gastrointestinal and immune systems. (EPA) 
PBB and PBDE are widely used as flame retardants and have been seen to rise dramatically in human 
tissue samples over the past 20-30 years. They are mainly used as flame retardants for electrical 
equipment, plastics and building materials. There is little information on the environmental effects of 
PBBs and PBDEs however, human toxic effects are likely to be cancer, liver and neurological 
damage. (Ciocci & Pecht, 2006) 
Given these finding it was the decision of the European Union to effectively ban these elements and 
compounds (through lowering the levels allowed to such a low percentage) from electrical and 
electronic equipment under RoHS.  
3.3.1 The Recast 
 
The recasting of RoHS at the same time as the WEEE directive has come after concern over how the 
directive is interpreted, how clear the legislation is concerning certain products and items, how well 
product compliance is defined and how uniform it is across all products which fall into scope, and 
how much overlap there is with similar legislation such as REACH and EuP (EU, 2008a). 
REACH (Registration, Evaluation, Authorisation and restriction of Chemicals) came into force in 
2007 and aims to regulate chemical safety (Goosey 2009). REACH affects a much larger range of 
businesses than RoHS, with even those who do not directly deal with chemicals affected. A restriction 
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should be based on a life cycle approach risk assessment where possible alternatives are also 
explored. Issues in combining the two pieces of legislation are that some chemicals such as certain 
flame retardants and plasticisers fall under both REACH (as a substance of very high concern) and 
RoHS, but their treatment varies between each directive. Part of the RoHS recast looks at harmonising 
the two approaches. (ChemSec; Goosey 2009) 
EuP (Energy using Producer) legislation was adopted by the EU in 2005. This also aims to take a 
more life-cycle type approach towards assessment of products, by considering their material and 
energy use from cradle to grave. Priority products were given as heaters, electric motors, lighting and 
domestic appliances. The aim of this piece of legislation was to encourage better eco-design within 
electronics companies.  
RoHS II came in on the 1st July 2011. Changes to the legislation include the addition of medical 
devises and monitoring and controls equipment which were originally exempt. There is also a move 
towards an open scope, such as is expected with the revised WEEE legislation so that along with the 
10 other categories already included (the same as those included under WEEE) there is an eleventh 
category ‘all other electronics’ with then specific exemptions stated. This is aimed at making it easier 
for businesses to understand whether or not they fall under the legislation or not. Due to a high level 
of lobbying by major electronics producers and the overlap with REACH no additional substances 
have been added, however, the scoping has been left open so that if scientific evidence can be found 
for a materials detrimental environmental impact and that alternatives are likely to have a lower 
environmental impact than the original material then the directive is open to further restriction. The 
new directive also introduces a ‘CE’ marking requirement from manufacturers. (BIS) 
The implementation of RoHS back in 2002 has caused major complications for the electronics and 
electrical equipment industries. The restriction of lead from solders has a proved particularly 
challenging, especially for industries where circuit failure (caused by lead-free solders) can have life 
threatening consequences. But even for consumer electronics producers the costs of moving to a lead-
free solder system has cost millions of dollars (Kostic, 2011). The decision to include lead within 
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RoHS was based on growing concern over lead in landfill facilities, and lead leaching from 
unregulated e-waste sites. The health risks associated with lead have been well documented, and 
precedence set by the removal of lead from paints.   
Legislation needs to consider not only the substance to be regulated but also what it’s alternative may 
be. Lead is a highly toxic metal, which under the right conditions has the potential to leach into the 
environment and cause harm to human health and ecosystems. However, if the alternative to lead has 
similar environmental impact, then regulating against lead may not yield an overall environmental 
gain.  
Through considering both lead and lead-free solder from a life cycle perspective, an understanding 
can be gained for environmental impacts across the full lifetime of both materials. The following 
section reviews literature for metal mining and production, life cycle assessment, and risk assessment.  
  
3.4 Life cycle approaches: Tin-Lead and Lead-free solders 
 
3.4.1 The role of lead in electronics 
 
Solders are used by electronics manufacturers to provide electrical interconnection between the 
electrical components and printed circuit board (PCB). There are two different types of processes 
involved in soldering: Wave and Reflow. For wave soldering components are placed onto a PCB and 
the board then passed across a wave of solder. Reflow soldering involves the initial application of 
solder in a paste or preform, which is then heated after the components have been placed, this is 
generally done by passing through a reflow oven.  Lead has been used in solders for over 5,000 years. 
The fundamentals required for soldering are: two base metals (both can be the same metal material), 
solder and heat (Rahn, 1993). 
 Many metals can serve as solders. The most common lead based solder is an alloy of 63% tin and 
37% lead. This is because it does not go through a transition phase before becoming liquid meaning it 
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is eutectic and hence melts at one particular temperature and not over a range (Rahn, 1993). This type 
of solder also has a relatively low melting point (183°C), good wetting behaviour and high electrical 
conductivity. Within the tin-lead system lead does not participate in the formation of intermetallic 
compounds as it is not metallurgically active. It instead affects the solid-state growth kinetics of the 
tin and prevents the creation of certain tin formations. It also reduces the temperature at which tin 
melts at, and improves its mechanical properties (Fine, 2004).  There are certain key attributes 
required for a solder: 
• Provide appropriate electrical and thermal conductivity to the interconnect 
• Have adequate mechanical properties (strength, toughness, fatigue and creep resistance)  
• Be compatible with typical terminal metallisations (e.g. Cu, Ni, Ag, Au, Sn etc.)  
• Have appropriate melt and process temperatures (as to what can be withstood by componentry 
and board) (Fine, 2004; Puttlitz, 2004) 
In finding a replacement for lead-tin solder these characteristics must be considered. 
3.4.2 Lead-free solders 
 
Prior to the regulation of lead under RoHS, the IDEALS project (1996-1999) was the first project to 
evaluate lead-free solders in electronic assemblies (Kostic, 2011; Suganuma, 2004). The project 
assessed alternatives: SnAg3.5, SnCu0.7, SnAgCu0.7, along with other SnAgCu alloys, with small 
additions of Bi and Sb. SnBi57 and SnZn9 were rejected from the study. Overall, the study found that 
a lead-free alloy of Sn (Ag, Cu, Bi, Sn) to be technically and industrially feasible, however, no direct 
‘drop-in’ replacement to lead was identified. Other projects investigating lead-free solders include the 
Japan Electronic Industry Development Association (JEIDA) development of a roadmap for the 
commercialisation of lead-free solder launching a program for ‘research and development for 
standardising lead-free solder’ in 1999. The roadmap sets out the adoption of lead-free components 
and wave solders in 2000, the expansion of these in 2001 and the general use of lead-free solders in 
new products from 2002 (Turbini, L 2001).  In the US a project was initiated by the National Centre 
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for Manufacturing Sciences (NCMS) to find suitable replacements for lead solders. The objective of 
the project was to achieve the capacity to manufacture projects containing lead free solders by 2001, 
identify a particular Sn/Ag/Cu based solder as a main alternative, and establish standards for 
evaluating lead-free processes. (Suganuma 2004) 
The current status for lead-free solder is that there is still no ‘drop-in’ replacement. There are many 
alloys in use, although SnAgCu alloys have been dominant across the lead-free solders market. Tin 
whiskers have been the most prominent materials challenge for lead-free solders. They have been 
identified as the cause for satellite failure (NASA), and the Milestone Nuclear Generation Station 
partial reactor shutdown (Daddona, 2005). It was also suspected that tin whiskers were the cause of 
Toyota’s engine control system failure leading to the recall of several of its models (Sood, Osterman, 
& Pecht, 2011). Tin whiskers were first identified by Bell Laboratories in 1947. They are spontaneous 
hair-like growths from surfaces that use lead-free tin as a final finish. If the whiskers grow long 
enough they can bridge between contacts shorting the circuit. Tin whiskers are only found in tin 
which is not alloyed with lead. Tin whiskers can be mitigated through additional reflow after plating 
or use of a Ni/Pd/Au finish, however, no one technique is completely effective (Kostic, 2011).  
3.4.3 Environmental impact of lead and lead-free solder 
 
The proposal to include lead within RoHS was put forward at the same time as the proposed WEEE 
directive in 2000. Turbini et al (2001) assessed the environmental impact of moving to lead-free 
solders. They found that in terms of resource extraction the regulation of lead would not decrease the 
levels of lead mined or if it did so the decrease would be marginal. The alternatives suggested in 
projects such as the IDEALS project - Ag, Bi, Sn, are mined with lead anyway. From reviewing lab 
based tests and actual landfill data, they found that lead was shown to leach strongly from solder wire 
and printed circuit boards in lab tests, however, there was no evidence for lead leaching from actual 
landfill sites into the environment. They also raised issues over the ability to recycle such a mixed 
metal stream for lead-free solders. Overall, they concluded regulations encouraging greater recycling 
and producer take-back to be the most useful mechanism for environmental impact reduction, with the 
71 
 
restriction of lead and its replacement with lead-free solder found to be of no discernible 
environmental benefit.   
Prior to the Turbini (2001) study, Segerberg and Hedemalm (1996) conducted an LCA comparing tin-
lead solder with conductive adhesives. They found that if both wastes are not given any special 
treatment and are neglected or treated improperly then tin-lead leads to a lower impact overall than 
silver containing conductive adhesives even if the adhesive is recycled and the tin-lead solder 
landfilled. They state that impacts are very dependent on the type of waste management strategy 
employed (Segerberg & Hedemalm, 1996). Other studies assessing the environmental impact of lead-
free solders include those by Hamano et al (2001) and Deubzer et al (2001).  Hamano et al (2001) 
conducted a life cycle energy analysis of lead and lead-free solders. They found energy consumption 
to increase on moving to lead-free solder, due to soldering processes requiring higher temperatures. 
They hoped that the use of higher cost materials such as silver in lead-free solder will stimulate 
increased PCB recycling (Hamano, Suga, Okamoto, & Deubzer, 2001). Deubzer et al (2001) assessed 
toxicity, energy use and resource consumption. They found that all lead-free solders considered 
reduced toxic releases from PCBs into the environment, but increased energy consumption for reflow 
soldering. They recommended increased recycling rates of PCBs to reclaim silver metal from lead-
free solders (Deubzer et al., 2001).  
Following this study, Socolof et al (2003) used different impact assessment methods to assess the 
human and aquatic toxicity impact from moving from lead containing to lead-free solder. They found 
that toxicity impacts increased over the cradle-to-gate scope of the study, using both a hazard value 
method based on evaluating inherent toxicity, and toxicity potential method using toxicity 
equivalency factors. (M. Socolof, Geibig, & Swanson, 2003) 
Reuter and Verhoef (2004) created a model for evaluating metal flows along their life cycle. They 
evaluated the changes in the mining and processing of lead, tin, silver and bismuth. They found Eco-
indicator 99 LCA scores for a number of lead-free solders were higher than conventional solder, due 
to the high emphasis placed on resource depletion. The use of lead-free solder increases tin use, with 
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tin resource depletion scoring much higher than lead resource depletion. They also highlight the 
paradoxical nature of lead substitution for metal cycles, as lead is one of the sources of silver, and a 
key source for bismuth. The use of bismuth may cause difficulty in copper recycling as bismuth can 
follow copper in the smelter feed and contaminate copper cathodes. (Reuter & Verhoef, 2004) 
In 2005 Geibig and Socolof conducted an LCA on lead-free solders on behalf of the United States 
Environmental Protection Agency (EPA). Sponsorship for the study was given by several of the major 
electronics manufacturers. The study aimed to assess the life cycle impacts of lead-based and lead-
free solders using LCA; evaluate leachability, recycling and reclamation at end-of-life; and identify 
points for further investigation. The solders under assessment were 63Sn-37Pb (paste and bar solder), 
99.2Sn-0.8Cu (bar solder), 95.5Sn-3.9Ag-0.6Cu (paste and bar), 57Bi-42Sn-1.0Ag (paste), 96Sn-
2.5Ag-1.0Bi-0.5Cu (paste). The system boundary was a full cradle-to-grave assessment over the life 
of each solder.  Data was collected only from manufacturers in the US for the solder application 
stages; however, recycling data was used from other countries. The geographical boundaries for the 
study were worldwide. (Geibig & Socolof, 2005)  
The study was carried out using GaBi software and databases for the lead, copper and silver 
inventories and Ecobilan 1999 for tin. The functional unit for the study is the volume of one thousand 
cubic centimetres (cc) of solder – the amount needed to fill a space in a solder joint regardless of 
solder type (Geibig and Socolof 2005). This is presumably assuming a similar performance from each 
type of solder evaluated. At end of life it was assumed that 72% waste was landfilled, 19% was 
incinerated and the rest recovered for recycling or composting. TCLP test data was used to predict the 
outputs from landfilling. For unregulated disposal, it was assumed that 75% of solder is released to air 
and soil and 25% released into ground water via leaching or surface water. (Geibig and Socolof 2005) 
Results for the LCIA show that for paste solder compared with Sn/Ag/Cu, Bi/Sn/Ag and Sn/Ag/Bi/Cu 
tin-lead only scores the highest score in renewable resource use, eutrophication, occupational cancer, 
occupational non cancer, public non-cancer, and aquatic toxicity. This equates to six categories out of 
sixteen. Sn/Ag/Cu scored highest for non-renewable resource use, energy use, landfill space, global 
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warming, ozone depletion, photochemical smog, acidification, particulate matter, water quality and 
public cancer. This equates to ten categories out of the sixteen. Bi/Sn/Ag and Sn/Ag/Bi/Cu did not 
score the highest for any of the impact categories for paste solder. Bi/Sn/Ag scored the lowest in 
eleven of the sixteen categories.  
For bar solder tin-lead had the highest score in occupational non-cancer, occupational cancer, public 
non-cancer, and aquatic toxicity. This equates to four of the sixteen categories. Sn/Ag/Cu scored 
highest in non-renewable resource use, renewable resource use, energy use, landfill space, global 
warming, ozone depletion, photochemical smog, acidification, particulate matter, eutrophication, 
water quality and public cancer. This equates to twelve of the sixteen impact categories. SnCu did not 
score the highest for any of the impact categories and had the lowest score in eleven of the sixteen 
categories (figure 6) (Geibig and Socolof 2005). 
 
Figure 6. Distribution of environmental impact score across 16 impact area (Geibig & Socolof, 2005) 
 
Overall, the study by Geibig and Socolof (2005) found the trade-off between lead containing and 
lead-free solder to be inconclusive. Whilst SnAgCu solders gave the highest score for the most impact 
categories (ten out of sixteen), it can be said that generally lead solders scored highest for toxicity 
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impacts (apart from public cancer), whereas lead-free solders scored highest for global warming and 
impacts associated with energy use, and resource depletion.  
Ekvall and Andræ (2006) considered the shift to lead-free solders through attributional LCA (ALCA) 
and consequential LCA (CLCA). Both studies showed a shift from lead containing solder to lead free 
would reduce lead emissions and increase global warming potential. The sources of global warming 
potential increase are an increase in tin production and in the electricity required for solder 
application. CLCA (where environmental consequences are considered in a broader context) showed 
that consequences outside the model were not as significant as those within the solder life cycle 
following the shift to lead-free. The CLCA considers an alternative use of lead in acid-lead batteries 
as a power supply in combination with photovoltaic cells. Overall, the CLCA showed a reduction in 
Pb emissions and associated risks to human health and ecosystems. (Ekvall & Andrae, 2006) 
This study was elaborated on in Andræ (2010) through performing a comparative life cycle inventory 
and impact assessment using a life cycle impact assessment method based on end-point modelling 
(LIME). (Andrae, 2010) 
In the LCA study carried out by Andræ (2010) ALCA and CLCA are contrasted in the same way to 
the 2006 study. The ALCA indicates an increase in global warming potential by 10% due to the shift 
from lead to lead free. CLCA showed that the removal of lead from solder was offset by increased use 
of lead in batteries and other products. The consequential carbon dioxide emissions show the greatest 
increase in emissions being from increased tin production and solder paste application (Andrae, 
2010).  
LIME evaluation was performed in EcoLab. ALCA and CLCA show an increase in overall LIME 
score in Japanese Yen by almost 90% per functional unit after materials shift. The reason for this 
difference between 63Sn-37Pb and 95.5Sn-3.8Ag-0.7Cu is due to the increase in tin and silver 
resource consumption, with the increase in demand for silver given as the greatest impact in terms of 
JPY.  
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Toxicity evaluation was also carried out, again performed in EcoLab. Both air toxicity (AT) and water 
toxicity (WT) were evaluated. Air toxicity was measured using Occupational Health and Safety 
guidelines (OSHA) measuring 62Sn-36Pb-2Ag against 95.5Sn-3.8Ag-0.7Cu. ‘Hot spots’ were 
identified as lead emissions from incineration of printed board assemblies, SO2 emission from 
electricity generation and tin production. The study found tin production to be a high contributor to 
the AT of both solder types but increased greatly for lead-free. On assessing the consequences of the 
shift, increased tin production AT is offset by a decrease in incineration AT, meaning that overall AT 
is decreased on shift from lead containing to lead free. WT results showed that for lead containing 
solder the greatest contributors were lead and cadmium emissions to water from lead production and 
solder landfill. For lead free the greatest contributors were from electricity production leading to 
chloride emission into water. This means that overall WT is much lower for lead free compared with 
lead solder as this removes the lead production stage and lead leaching at landfill from the life cycle. 
(Andrae, 2010) 
Other solder types were also investigated with 42Sn-58Bi showing the lowest LIME scores, lower 
than Zn-free and 95.5Sn-3.8Ag-0.7Cu. Andrae points out that comparison should not be draw 
between high and low temperature solders as their applications are very different  (Andrae, 2010).  
Overall, the study found that a shift from 62Sn-36Pb-2Ag to 95.5Sn-3.8Ag-0.7Cu results in reduced 
lead emissions and increased carbon dioxide emissions. CLCA shows that reduction in lead emissions 
could potentially be offset by an increase of lead use in lead batteries. Under LIME 95.5Sn-3.8Ag-
0.7Cu is likely to contribute to greater environmental impacts than 63Sn-37Pb. AT and WT are lower 
for the lead-free than lead solders investigated (Andrae 2010). 
One of the most recent studies on lead free solder by Malloy et al (2013). Multi-criteria decision 
analysis (MCDA) is used as an ‘alternatives analysis’ tool for evaluating lead and lead-free solder in a 
regulatory setting using decision criteria generated from a stakeholder elicitation process (Malloy, 
Sinsheimer, Blake, & Linkov, 2013). The study uses Geibig and Socolof (2005) as its main data 
source. Results for human health impact (toxicity and human exposure), ecological impacts 
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(ecotoxicity and exposure), environmental impacts (air, water, soil quality impacts and natural 
resource use), technical feasibility (reliability, efficiency etc.) and economic feasibility (manufacturer 
and purchaser impact) were weighted using stakeholder elicitation. It was found that industry and 
policy-makers assigned more weight to technical feasibility compared with consumers and 
environmental NGOs. The weightings given by each stakeholder group (environmental NGO, 
industry, consumer, and policymaker) were averaged to give a single weighting. Two MCDA 
methods were used: Multi-attribute utility theory (MAUT) and outranking (through preference 
ranking organisation method for enrichment evaluations, PROMETHEE). The analysis found that if 
technical feasibility is weighted at 14.5% lead solder ranks higher than SnAgCu when all criteria are 
considered. By increasing the technical feasibility weighting to 18.7% lead solder drops to last 
position behind SnAgCu and SnCu. (Malloy et al., 2013; Masanet, 2002) 
A major argument for the substitution of lead from solder interconnects is its potential to leach into 
the environment from landfill. There have been several studies assessing lead and lead alternatives 
toxicity and mobility within the environment. Masanet (2002) modelled the potential for silver 
containing Sn/Ag/Cu solders to leach silver into the environment. It was found that under worst case 
scenario silver would only leach from landfill and reach unacceptable levels in ground water after 100 
years, concluding from this that Sn/Ag/Cu solders are unlikely to pose any risk to human health. 
Surface Mount Council assigns relatively toxicity rankings of the following placing silver just behind 
lead (IPC, 1998; Masanet, 2002): 
Bi < Zn < In < Sn < Cu <Sb < Ag <Pb 
 
Findings from leachate tests and toxicity data show of all lead-free solders 95Sn-5Sb and 96.3Sn-
3.2Ag-0.5Cu had the greatest environmental and occupational impacts. It was found that most 
alternatives would be considered as hazardous waste with silver and antimony both failing USEPA 
leachate levels (Masanet, 2002).  Subsequent leachability tests using the toxicity characteristic 
leaching procedure (TCLP) method carried out by Townsend et al (2008) found that lead-tin solders 
leached at much higher levels than lead-free alternatives and silver was rarely seen in leachate results 
(Townsend et al., 2008). Kjeldsen et al (2002) summarised data on lead concentrations in leachate for 
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European landfills, concluding that the refuse system is very complex with a vast number of factors 
affecting leachate rate. They state that at low pH, oxidation-reduction potential, and under anaerobic 
conditions heavy metals are likely to be immobilised (Kjeldsen et al., 2002). Belevi and Baccini 
(1989) showed that if 50% of the organic matter content is degradable and producing protons then the 
landfill will contain a sufficiently high pH, this is adequate to contain heavy metals within the landfill 
without remobilisation for many hundreds of years (Belevi & Baccini, 1989). 
Williams (2011) comments on the information and communications technology industry and the 
decisions which have been made to minimise its impact. It is stated that the public policy decisions to 
ban materials such as lead-based solder is based on a hazard perspective as the actual risk is very 
poorly understood. It is commented upon that legislation such as RoHS does not solve the issues 
surrounding informal recycling of electronic waste in other countries. The act of recycling produces 
large amounts of volatile organics and cyanide products, which can lead to serious pollution 
problems. It is estimated that developing countries will generate more electronic waste by 2016-18 
than the developed world, with most of this being recycled informally or incinerated in the open air 
(Williams, 2011; Williams et al., 2007). Williams et al (2007) state that whilst TCLP tests can be used 
to state whether a chemical is toxic, they do not necessarily reflect whether a substance will leach in 
landfill as the leaching liquids used in TCLP analysis are more aggressive than what would be found 
in landfill. Williams et al (2007) note that before recycling is embraced as the direction towards which 
waste management of e-waste must go, there should be a proper understanding of whether or not it is 
more environmentally friendly to do so. They state that at present there has been no such study to 
assess the emissions from recycling versus mining. They cite issues surrounding air, soil and water 
contamination by the electronics reprocessing facility in Guiyu in China. Here high concentrations 
have been found of heavy metals, halogenated compounds and polycyclic aromatic hydrocarbons. It is 
concluded that measures such as better enforcement of the Basel Ban (which remains unratified but to 
which the EU have stated they will abide by) may ensure that electronic waste is retained within the 
EU, but this will be difficult and complicated to enforce. (Williams et al. 2007) 
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3.5 Precaution and risk in policy-making 
 
The Precautionary Principle is often cited when discussing issues of chemical or substance regulation. 
The Principle is defined as enabling a ‘rapid response in the face of a possible danger to human, 
animal or plant health, or to protect the environment. In particular, where scientific data do not permit 
a complete evaluation of the risk, recourse to this principle may, for example, be used to stop 
distribution or order withdrawal from the market of products likely to be hazardous’ (EUR-Lex, 2015) 
Aiming to prevent the potential for serious environmental harm is fundamental to any materials or 
substance regulation, but when do you assess a substance as ‘likely’ to be hazardous? Pertaining to the 
practical application of the principle, there is an element of environmental risk associated with all 
substances and in absence of a more specific definition of when to apply the principle, the principle 
can therefore be applied indiscriminantly to any number of chemicals or substances where potential 
risk is identified.  
It is important that the hazard posed by the chemical or substance in question does not take 
precedence over the actual risks faced by using that substance. Risk is defined as hazard multiplied by 
exposure, where exposure relates to the likely frequency and severity of exposure to that particular 
substance. Risk can therefore be equated to the probability that observed levels of exposure will lead 
to human or environmental harm. This means that the use of a substance in one application may pose 
a high risk to the environment; however, within another context or use those risks may be 
significantly reduced.  
With any substance used in a product there will be associated hazards, a probability of environmental 
harm, and a long list of uncertainties relating to that probability. It is vital that if precaution is applied 
that it is done with an understanding of the actual risks posed by that substance within the product and 
a full consideration to the consequences of substitution.  
The decision to regulate lead from electronic solders requires an understanding of both risks relating 
to lead and the risks relating to its major alternatives. Lead is a toxic metal with overwhelming 
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evidence of its toxicity to humans and animals, but both actual risks posed by its use as an electronic 
solder material and the risks posed by it’s alternatives play an essential part in any precautionary 
action.  
Currently, lead solders can only be used in instances where exemptions have been applied for and 
approved. This means that although there is significant reduction in the amount of lead used within 
electronic solders, for some applications lead is still present. Exemptions are required due to the lack 
of any drop-in replacement for lead, particularly within high temperature applications. 
 Alternative policy options to achieving a reduction in environmental impact from lead within 
electronics might include a greater emphasis on end-of-life risk reduction through achieving the 
collection and recycling improvements set out by the WEEE directive.  
Given the implementation of the two directives at the same time, a stronger and more robust WEEE 
directive, with a clear focus on creating circularity across the electronics supply chain, could mean 
that lead from consumer electronic equipment is diverted from landfill and the electronics recycling 
industry within the EU is boosted by stronger WEEE recycling requirements.  
3.5 Have electronics become greener since the substitution of lead 
in solder? 
 
Industry and government are faced by increasing pressures to become more sustainable and reduce 
their impact on the environment. If carbon reduction targets are to be met and materials sourced more 
sustainably then major changes must be made in the way in which we obtain materials, manufacture 
them into useful products and deal with them at the end of their life. We now have a much better 
understanding of how materials move and interact within the environment, and how finite many 
resources we consume are. If sectors such as the electronics sector are to become more sustainable, 
environmentally conscious material choices must go hand in hand with technological development.  
In addressing these challenges there is also a need to fully understand whether substitution of 
materials comes with the potential for unforeseen consequences. Substances likely to replace those 
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being regulated against or phase-out must be assessed as to whether they are likely to be more or less 
environmentally favourable than the existing substance or material. Through doing this we look to try 
and avoid any surprises in the future relating to substitute materials choices.  
The replacement of lead from low temperature solders was intended to reduce the toxicity of electrical 
and electronic products and reduce the potential for lead to leach into the environment through 
landfilling. The driver towards this was the restriction of lead from solder interconnects by the EU 
RoHS legislation serving as a stand-alone compliment to the WEEE directive. The WEEE directives 
came into force in 2003 aiming to increase recovery and recycling rates and reduce the levels of waste 
going to landfill. Whilst successful programs for recycling WEEE and better waste management now 
exist in many countries across the EU there are still many major issues with the legislation and its 
effectiveness.  
The driver to materials substitution in the electronics industry has been the Restriction of Hazardous 
Substances (RoHS) directive. It effectively bans mercury, lead, cadmium and hexavalent chromium 
from EEE given that its limits are set at below 0.1% levels. These heavy metals all have potentially 
very harmful effects on humans and aquatic life. After toxicity and leaching studies were carried out 
on heavy metal sources such as lead containing paints or soils close to roads where lead containing 
petrol was once used, with evidence that lead could leach into the environment (Smith, 2004; USEPA, 
1999; Yang, 1993), moves to replace lead containing solders with alternative metals began.  
The main alternatives to eutectic tin-lead solders are alloys containing increased levels of tin with 
additions of silver, copper and bismuth. These are composed as Sn/Ag/Cu, Sn/Ag/Bi and Sn/Cu. 
There has been no drop-in replacement of tin-lead (Kostic, 2011), lead-free solders have had issues 
such as the higher processing temperatures required, leading to thermal damage to the componentry 
and board; mechanical shock; and whiskering. The higher process temperatures also means that lead-
free solders consume more energy as higher temperature ovens are required. (Puttlitz 2004; Turbini, L 
2001)   
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There have been several life cycle assessments carried out of tin-lead compared with lead-free 
alternatives. Despite that fact these comprises of a mixture of assumptions and approaches, the impact 
assessment techniques the outcomes have been almost the same. Study assessing the impacts of lead 
substitution on metal cycles found that substitution with bismuth caused the greatest issues due to its 
reliance on lead in its production and later recycling .The Sn/Ag/Cu solder was found to have the 
lowest impacts due to the interconnection of the gold and silver mining cycles, meaning increased 
silver production leads to a decrease in gold ores required. Ultimately the study showed that lead 
mining is still key to the production of lead-free solder components, and in the case of bismuth 
absolutely vital (Reuter & Verhoef, 2004). Other studies found lead alternatives to be most impacting 
in the areas of non-renewable resource depletion, global warming and ozone depletion, with hotspot 
areas being identified as increased tin production and processing temperatures (Andrae 2010; Geibig 
and Socolof 2005).  
Overall, this review has shown that the approach applied in including lead in RoHS has had 
unexpected consequences which were not adequately addressed at the time of regulation. The review 
highlights the need for fuller life cycle assessment and investigation of alternatives before any 
decision to regulate substances is made. Aside from subsequent life cycle assessment results which 
show inconclusive evidence for an improvement in environmental impact, a fuller understanding of 
the life cycle impacts specifically relating to leads use within electronic solders should also have been 
sought before introducing the restriction.  
A more robust strategy to recycling and reprocessing of WEEE (through regulation or incentivisation) 
may have had a greater effect on reducing the sustainability issues related to the industry. As it stands 
the ambitions of the WEEE directive to this effect have yet to be reached.  
Whilst the contents of the LCAs reviewed in this study do not contribute any new LCA knowledge on 
lead and lead-free solders, the review has highlighted the clear problems with restricting one 
substance without fuller understanding life cycle risks posed by its use, by alternatives and the effect 
this has on the system as a whole. Environmental challenges cannot be viewed in isolation, and 
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comparative assessment of life cycle impacts within a system as a whole is important. Challenges 
relating to alternatives and life cycle risks were not adequately assessed before the implementation of 
RoHS, and the lessons learnt from this review are relevant to chemicals and substance regulation 
debate today. 
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4 Challenges in the LCA of 
emerging materials 
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4.1 Introduction 
 
The first case study on lead solder in electronics addressed the need for a full life cycle approach 
towards policy decision-making, including a comprehensive life cycle evaluation of potential 
substitutes to a material before it is regulated against. One other key aspect to consider in the 
decision-making process for both policy and business is uncertainty. A failure to consider uncertainty 
at the interface between science and policy or science and business decision-making can have serious 
consequences. It can lead to costly and potentially harmful results.  
There are a number of different objectives to uncertainty assessment: to increase precision and 
identify gaps in knowledge; increase decision-makers confidence in robustness of scientific results; 
improve stakeholder’s and public’s confidence in science; increase stakeholder’s confidence in 
decision-making; highlight the influence of science communication patterns on decision-making. The 
last point aims to communicate subjective uncertainty originating from results bias by the scientists 
conducting the investigation, who may show only favourable results, discounting those which did not 
support their favoured outcome (Maxim & Van der Sluijs, 2011).  
Uncertainties are inherent in environmental assessment. The introduction to this thesis, and literature 
review, cover the number of different types of uncertainty found in LCA (Bjorkland, 2002; 
Huijbregts, 1998, 2002; Huijbregts et al., 2001). Also covered in the literature review is an 
explanation for the different dimensions of uncertainty: Nature, Location and Level. Level is a 
dimension which is often poorly considered when evaluating uncertainty; however, establishing the 
level of uncertainty – ranging from determinism to total ignorance for each element, plays a vital role 
in selecting appropriate communication and management techniques.  
The level of uncertainty in the LCA of new and emerging materials is often very high. Although some 
guidance exists on dealing with uncertainty, few studies address how to communicate and manage 
uncertainty in LCA where uncertainty is high. Despite the large uncertainties, the case study on lead 
and lead-free solder showed the importance of assessing the life cycle impacts of new materials. This 
section uses two case studies of emerging materials systems to investigate some of the challenges in 
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performing LCA where there is high uncertainty, and how this uncertainty can be most effectively 
communicated and managed.  
The first case study is carbon fibre reinforced polymer functionalised with carbon nanotubes for use in 
a lacrosse stick. Nanomaterials are becoming increasingly used in consumer goods despite 
uncertainties over environmental and human health risks. The life cycle aspects of nanomaterials are 
also an increasingly growing area of investigation using LCA. The study reviews some of the 
challenges in performing LCA on emerging nano-scale materials, and assesses techniques for 
managing uncertainty.  
The second case study evaluates the use of uncertainty assessment in an LCA study on dye-sensitised 
solar cells (DSSCs) to be used within an indoor light harvesting fixture for a smoke detector to 
increase its battery life. This is a novel case study which, unlike CNTs within a composite material, 
has not been previously published upon. Because of this there is a high level of uncertainty associated 
with product performance under indoor light conditions and a number of material issues which need 
to be overcome.  
 This chapter reviews the use of sensitivity analysis, scenario analysis, data quality analysis, Monte 
Carlo, and informal expert engagement to understand how appropriate these techniques are in 
evaluating uncertainty in LCA where uncertainty is high as is the case of many emerging materials 
systems.  
4.2 Case Study 1: Carbon nanotubes in Carbon Fibre Reinforced 
Polymer composites 
 
4.2.1 Life cycle assessment on the nanoscale 
 
The interesting and unusual properties of nanomaterials have meant they are increasingly being used 
in consumer products. Nanomaterials are generally defined as being materials where at least one 
dimension is less than 100nm, and present huge potential across almost every area of science and 
engineering. LCA  reviews carried out on nanomaterials found that often only cradle-to-gate or 
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manufacturing system boundaries are considered, with use and disposal stages poorly considered  
(Gavankar, Suh, & Keller, 2012b; Grieger et al., 2012; Hischier & Walser, 2012; D. Meyer, Curran, & 
Gonzalez, 2011; D. E. Meyer, Curran, & Gonzalez, 2009; Miseljic & Olsen, 2014; Upadhyayula et 
al., 2012) . Inventory information generally contains generic data and assumptions, and for most 
studies impact assessment does not consider the nanomaterial element within the product system (the 
exception being (Walser et al., 2011)).  
There is an increasing trend to incorporate other tools and methods into LCA to account for some of 
the short comings in traditional LCA approaches (Davis, 2007; Linkov & Seager, 2011; Shatkin, 
2008; Som et al., 2010; Sweet & Strohm, 2006).   This study on carbon nanotubes combines LCA 
with a qualitative review of risk assessment literature to evaluate nano-specific impacts on human 
health and the environment. It also evaluates the use of techniques such as expert 
elicitation/engagement and scenarios as tools for managing and communicating uncertainty.  
4.2.2 Standardisation of nanomaterials assessment 
 
Life cycle assessment of nanomaterials can be performed using the ISO 14040 and ISO 14044 
standards for LCA despite any nano-specific considerations needed. In light of this, the European 
Commission aims to develop guidance on applying LCA to products containing nanomaterials. This 
work is commissioned through European Committee for Standardisation (CEN) standards activities 
across a range of nanomaterials standardisation areas.  
CEN/TC 352 ‘Nanotechnologies’ is responsible for several tendered activities under mandate M/461 
established by the European Commission.  The CEN/TC 352 is split into 3 working group areas to 
address the following aspects of nanotechnologies: 
WG1 Measurement, characterisation and performance evaluation 
WG 2 Commercial and other stakeholder aspects 
WG3 Health, safety and environmental issues 
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The National Physical Laboratory (NPL) is currently carrying out the development of guidance for 
applying LCA towards nanomaterials. The original Technical Report for Nanomaterial LCA has 
subsequently been elevated to a Technical Specification meaning that this is now a normative 
document published at national level.  
The work from this chapter will form part of the main guidance document along with an annex 
document on assessing uncertainty in nanomaterials LCA, with the author of this thesis appointed as 
Deputy Head of the project.   
 
4.2.3 Carbon nanotube LCA 
 
Carbon nanotubes (CNTs) are molecular scale tubes of graphitic carbon (figure7). They have 
applications in composite materials, coatings and films, microelectronics, energy storage and 
biotechnology due to their superior mechanical, electrical and conductivity properties.  There have 
been few LCAs carried out on CNTs (Bauer et al., 2008; Dahlben & Isaacs, 2010; Ganter, Seager, 
Schauerman, Landi, & Raffaelle, 2009; Healy et al., 2008; Kushnir & Sanden, 2008; Singh et al., 
2008), with only Dahlben and Isaacs (2008, 2010) and Bauer et al. (2008) considering the entire 
product life cycle.  
 
Figure 7. Armchair configuration carbon nanotube (CNT) (Template, Chemdraw 14) 
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Applying LCA to CNTs is challenging due to the lack of available data on this emerging technology 
and the multivariate nature of CNTs (Upadhyayula et al., 2012). So far no studies have been able to 
account for CNT specific air and waste stream emissions. It is difficult to accurately define use phase 
based functional units given uncertainties over attainable life time performance of CNT containing 
products (Linkov & Steevens, 2009; Upadhyayula et al., 2012). The range of manufacturing processes 
leads to variability in environmental impact for manufacture, and the range of chemical properties 
influences their fate, transport, biopersistence, and potential toxicity if released (Upadhyayula et al., 
2012).  
Upadhyayula et al. (2012) reviewed the current status of CNT LCAs across the life cycle stages. They 
concluded that within materials acquisition missing information on production feedstocks such as 
ferrocene created challenges for life cycle inventory production. There is also uncertainty relating to 
the use of renewable plant-based feedstocks for CNTs. During manufacture of CNT products they 
found variability in prototype development and CNT product formulations; missing information on 
waste stream characterisation; and uncertainties in waste and emissions, CNT exposure and toxicity, 
and impact assessment. For the use of CNTs, missing information was seen on product performance 
and release of CNTs into the environment. For End-of-life there is missing information on the amount 
and frequency of waste; potential release, fate and transport of CNTs; and uncertainties in appropriate 
methods of disposal and impact assessment models (Upadhyayula et al., 2012). Despite these 
challenges in LCA of CNTs it still remains an important tool in environmental assessment of the 
technology as a whole.  
In the consumer goods market CNTs have initially found their way into carbon fibre-based sports 
equipment. These include road bikes, tennis rackets, hockey and lacrosse sticks. CNTs exhibit a range 
of interesting materials properties including superior mechanical strength properties and enhanced 
electrical and thermal conductivities. For this case study the application of mechanical property 
enhancement in a carbon fibre lacrosse stick was assumed. The content of carbon nanotubes was 
assumed to be fairly high at 3 wt% (compared with similar web sourced materials safety data sheets 
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for nanotube enhanced prepreg products which show a nanotube content of less than 1%).  At a 3wt% 
loading of MWCNTs, a 100% improvement in tensile strength and a 200% increase in Young’s 
Modulus has been cited (Ait-Haddou, 2005).  
4.2.4 Goal and Scope definition 
 
This cradle to grave scoping LCA study assesses the life cycle of a CNT enhanced carbon fibre 
reinforced polymer (CFRP) lacrosse stick. The aim is to explore the methodological considerations 
required when performing LCA on CNT-containing products, and to understand how uncertainty 
assessment can be used in these cases. Because of this the study is scoping in nature and is not 
intended to be read as a comprehensive LCA case study.  
The study is designed to enable comparative assessment with an aluminium stick. The advantage of 
the CNT enhanced carbon fibre stick is over an aluminium stick used in the UK is increased strength 
over a carbon fibre stick not containing CNTs or lightweighting over an aluminium stick.  
 
Figure 8. STX defence length aluminium lacrosse stick 
 
In setting the functional unit where possible nano-functionalities should be taken into account, 
however, given the lack of data and uncertainty around actual performance levels of the carbon fibre 
stick enhanced with MWCNTs for practical purposes the functional unit of the study has been chosen 
as one stick. 
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As is shown in figure 8 impact from production of the stick head is not considered as it is assumed to 
be the same regardless of material used for the shaft.  
SimaPro 8 LCA software was used for the study, using data from Ecoinvent 3 to obtain inventory 
data. Specific production processes the for CNTs and stick were constructed using literature values 
combined with stakeholder and expert engagement to then verify them. For life cycle impact 
assessment ReCiPe midpoint method was used in SimaPro as it is a new method which includes 
particulate matter formation impact category, along with water depletion and land use which are not 
included in some other impact assessment methods. 
The midpoint method was chosen over ReCiPe endpoint to have greater transparency in impact 
contribution and reduce uncertainty derived from the calculation of environmental consequences. This 
evaluates 18 different impact categories: Climate change, ozone depletion, terrestrial acidification, 
freshwater eutrophication, marine eutrophication, human toxicity, photochemical oxidant formation, 
particulate matter formation, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, 
ionising radiation, agricultural land occupation, urban land transformation, natural land 
transformation, water depletion, metal depletion, and fossil depletion.  
Uncertainty assessment is used to investigate the use of sensitivity and scenario analysis, data quality 
analysis using a pedigree matrix approach, Monte Carlo analysis and an informal stakeholder 
engagement approach as methods for communicating and managing uncertainty in the LCA of CNTs. 
For the purposes of this case study only climate change, ozone depletion, terrestrial acidification, 
freshwater eutrophication, human toxicity, freshwater ecotoxicity, water depletion, metal depletion, 
and fossil depletion are shown in uncertainty assessment. This is to make conclusions drawn from 
analysis clearer for the reader. Uncertainty assessment is designed to be an exploration of some of the 
techniques which can be used to communicate uncertainty rather than a comprehensive LCA study of 
the material itself. 
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4.2.4.1 Model assumptions 
 
The following assumptions were made regarding the model: 
• No quantitative impacts were attributed to use of the stick; however, on engagement with 
local teams in the Surrey and London region, carbon fibre sticks do on occasion snap or break, 
meaning that there is potential in these instances for release of carbon fibres and nanotubes into the 
environment 
• The assumed production method for the carbon nanotubes is via CVD using a cobalt and 
molybdenum catalyst. Production assumptions were based on data given in Healy (2008) and Kushnir 
and Sanden (2008). These were then verified by experts in the area. 90% of the catalyst was assumed 
to be recycled.  
• Stick production was assumed to be via a pultrusion process, after consultation with experts in 
composite manufacture 
• Disposal was assumed to be via municipal landfilling, with scenario analysis investigating the 
effect of assuming incineration, based on the proportions of waste disposed of via incineration and 
landfilling in Surrey, UK, following engagement with the local county council. 
4.2.4.2 Data assumptions 
 
• Carbon nanotubes used are based on those found commercially on the Sigma Aldrich website 
with 70-80 wt% CNT purity, 20-30 wt% metallic impurity (84% carbon, 16% non-carbon), average 7 
walls, median tube length 30µm, outer diameter 10nm, specific surface area 350 m2/g . The 
nanotubes are functionalised using a poly(aryleneethynylene) polymer (Chen et al., 2002) 
• Pre-impregnated composite fibres ‘prepreg’ based on a commercially available nanotube 
enhanced epoxy resin carbon fibre system containing 38% resin, 59% carbon fibre and 3% CNTs 
(Hexcel, 2015) 
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4.2.5 Life cycle inventory  
 
The life cycle inventory (LCI) is a mixture of literature values and database information. Information 
on inputs and emissions is given in table 4. The process to produce carbon nanotubes is a CVD 
(chemical vapour deposition) process and inventory is based on work by Healy et al., (2008). The 
process uses heated argon, hydrogen, a carbon source such as methane or acetylene in the presence of 
a metal catalyst to produce the CNTs. This happens at 800-1000°C. In a typical CVD set up assuming 
a floating catalyst all growth happens in the vapour phase. Modern plant can produce 14kg CNTs per 
hour or more (unspecified number of reactors) (Kushnir & Sanden, 2008). Once carbon nanotube 
growth has occurred, purification is done using acid to sonicate and wash. 
In order for the nanotubes to be incorporated into a composite system, they must first be 
functionalised. This can be carried out through covalent interaction between a short, rigid conjugate 
polymer and the nanotube surface. Both the polymer and the nanotubes are dissolved in a solvent 
using a sonicator (Chen et al., 2002). The solvent (dichloromethane) was not available within the 
EcoInvent/Simapro database and therefore trichloromethane was used in its place. Production routes 
and toxicity (LD50) values are similar for the two solvents; however, given the relatively large amount 
of solvent used this does introduce a level of uncertainty. In table 4 this step is referred to through the 
use of PPE polymer_in, PTFE membrane_in , trichloromethane_in, and energyin_functCNTs. 
After functionalization the nanotubes are incorporated into an epoxy resin, where they are then 
impregnated into polyacrylonitrile (PAN) carbon fibres through a pultrusion process common in 
composite manufacture. This can either be carried out by pulling the fibres through a resin bath or 
injection of the resin through the fibres. In this case it is assumed the most efficient process on a 
commercial scale would be resin injection, minimising resin wastage.  
Lacrosse stick use is not considered to have any quantitative environmental impact during the use 
phase, despite the potential for occasional splintering of the carbon fibre reinforced polymer. Given 
this, nano-specific release is considered through qualitative literature review. End of life is assumed to 
be through municipal landfilling, with municipal incineration and hazardous waste incineration 
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considered through scenario analysis. Here nanospecific release is also considered through qualitative 
literature review in the risk assessment section of this case study. 
Table 4. Lacrosse stick life cycle inventory (LCI) per functional unit 
CNT lacrosse stick inventory (base-case) 
INPUTS Per functional unit  Units EMISSIONS Per functional unit Units 
CNT production and purification 
Co_compound_in  1.04E-03 kg Ar_out 1.38E+01 kg 
Mo_compound_in  3.42E-03 kg SpentCat_out 6.91E-03 kg 
Substrate_in 2.74E-03 kg carbon_out 6.70E-01 kg 
Acid_in 2.15E-03 kg H2_out 6.95E-01 kg 
Energy_in_cvdreactor 9.57E+01 MJ Pure_CNTs_out 1.65E-02 kg 
Ar_in 1.38E+01 kg PTFE_filter_out 2.10E-02 kg 
H2_in 6.95E-01 kg DI_water_out 8.15E+01 kg 
Carbon_in 6.91E-01 kg Filtrate_out 2.94E+01 kg 
Energy_purification_in 6.60E+00 MJ    
PTFE_filter_in 2.10E-02 kg    
CNT_in_unpure 1.65E-02 kg    
Nitric acid_in 1.15E+01 kg    
DI_water 9.92E+01 kg    
 Functionalisation and composite pultrusion 
  
Energy_in_functCNTs 3.77E+01 MJ PTFE_membrane_out 2.96E-02 kg 
PPE_polymer 1.65E-02 kg FunctCNTs_out 2.33E-02 kg 
PTFE_membrane 2.96E-02 kg Trichloromethane_out 2.33E+00 kg 
Pure_SWCNTs_in 1.65E-02 kg Acetone_out 9.19E-03 kg 
Trichloromethane_in 4.66E+00 kg Resin_out 3.02E-02 kg 
Acetone_in 9.19E-03 kg Carbon_fibre_out 7.77E-01 kg 
Resin_in 3.26E-01 kg       
PANfibre_in 4.58E-01 kg       
FunctCNTs_in 2.34E-02 kg       
Energy_in_pultrusion 2.53E+00 MJ       
 
4.2.5.1  Limitations 
This study was constructed using a range of values from literature, combined with input from 
experts in carbon nantoube production, functionalisation and carbon fibre pultrusion to form a 
realistic production process for carbon nanotube enhanced carbon fibre reinforced polymer. It 
does not model an actual industrial production process due to constraints in obtaining these 
relatively confidential values. This introduces uncertainty particularly with respect to 
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functionalisation this is scaled up from an inefficient laboratory scale production process. For 
example, on a very large industrial scale dichloromethane may not be used as the solvent for this 
process and other solvents or methods for functionalisation would be used. Given the large 
amount of this solvent used this could have an effect on impact assessment results.   
 
Insufficient knowledge of life cycle stages – particularly how the lacrosse stick would be treated 
at end-of-life and based on this how the CNTs within the stick would behave following either 
incineration or landfilling also added an amount of uncertainty. There is some risk assessment 
literature on this (as given in 4.2.8) but not enough to draw strong conclusions from.  
 
Attempts to reduce uncertainty were made by engaging with experts in this area to ensure 
modelling assumptions were realistic, however, until industrial data for the production and 
functionalisation of CNTs is made available for LCAs there will continue to be a high level of 
uncertainty relating to products or processes that use them.  
 
4.2.6 Life cycle impact assessment  
 
Contribution analysis in table 5 and figure 9 shows that for all impact categories, apart from ozone 
depletion, CNT production is the major contributor to impact. Overall, total environmental impact is 
dominated by cradle-to-gate impacts. Carbon fibre reinforced polymer pultrusion and landfilling at 
end of life do not contribute significantly to total impact. Cradle to gate environmental impact is 
dominated by the use of the electricity, argon gas and molybdenum catalyst used to produce CNTs; 
and trichloromethane use as a solvent in the functionalization step. 
 Contribution towards ecotoxicity also comes from the disposal of the trichloromethane solvent in the 
functionalization step (66% terrestrial ecotoxicity, 38% freshwater ecotoxicity). Trichloromethane use 
also dominates the total ozone depletion score (95%). Molybdenum catalyst use dominates metal 
depletion (86%) and is also a contributor to total toxicity.  
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Water depletion impact shows a negative contribution to total impact for CNT functionalization. This 
suggests a positive contribution to water depletion or effectively a net production of water due to the 
process. From interrogating the database within Simapro, this appears to relate to the use of 
hydroelectricity to produce trichloromethane/chloroform. Associated with the building of the 
hydroelectricity plant is a transformation of land to river, a proportion of which is then allocated to the 
electricity used in the production of the solvent.  
A full breakdown of each LCIA stage can be found in Appendix II.  
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Table 5. Contribution to total impact (%) across each production stage and end-of-life. All impact categories from ReCiPe (midpoint) included 
Percentage contribution (%) to total impact       
Impact category 
CNTs (from CoMoCAT 
CVD)  
CNTs functionalisation  CFRP pultrusion  
Lacrosse stick 
landfilling 
Climate change 58 39 4 0 
Ozone depletion 5 95 0 0 
Terrestrial acidification 72 22 6 0 
Freshwater eutrophication 80 19 1 0 
Marine eutrophication 77 21 2 0 
Human toxicity 51 48 1 0 
Photochemical oxidant formation 67 24 9 0 
Particulate matter formation 72 21 7 0 
Terrestrial ecotoxicity 32 66 2 0 
Freshwater ecotoxicity 61 38 1 0 
Marine ecotoxicity 76 23 1 0 
Ionising radiation 76 23 1 0 
Agricultural land occupation 73 26 1 0 
Urban land occupation 72 26 2 0 
Natural land transformation 71 28 2 0 
Water depletion 105 -6 1 0 
Metal depletion 86 13 1 0 
Fossil depletion 67 25 8 0 
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Figure 9. Contribution analysis (%) of each life cycle stage per lacrosse stick 
Table 6. Comparison between a CNT CFRP lacrosse stick and an extruded aluminium stick (per functional unit) 
Impact category Units 
CNT CFRP 
lacrosse stick 
Extruded 
Aluminium 
lacrosse stick 
Climate change kg CO2 eq 1.1E+02 7.9E+00 
Ozone depletion kg CFC-11 eq 3.9E-03 2.5E-06 
Terrestrial acidification kg SO2 eq 3.9E-01 5.7E-02 
Freshwater eutrophication kg P eq 3.9E-02 3.1E-03 
Marine eutrophication kg N eq 6.8E-01 5.7E-02 
Human toxicity kg 1,4-DB eq 7.6E+01 4.4E+00 
Photochemical oxidant formation kg NMVOC 2.1E-01 3.0E-02 
Particulate matter formation kg PM10 eq 1.3E-01 2.0E-02 
Terrestrial ecotoxicity kg 1,4-DB eq 1.3E-02 2.1E-03 
Freshwater ecotoxicity kg 1,4-DB eq 1.7E+00 2.5E-01 
Marine ecotoxicity kg 1,4-DB eq 1.3E+00 2.3E-01 
Ionising radiation kBq U235 eq 1.9E+01 1.7E+00 
Agricultural land occupation m2a 3.2E+00 1.3E+00 
Urban land occupation m2a 5.3E-01 9.9E-02 
Natural land transformation m2 1.4E-02 1.6E-03 
Water depletion m3 6.2E+00 2.3E-02 
Metal depletion kg Fe eq 6.7E+00 1.4E+00 
Fossil depletion kg oil eq 2.4E+01 2.1E+00 
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The scores for contribution analysis do not take into account any nano-specific impacts across the life 
cycle of the lacrosse stick. Overall electricity use, argon use, molybdenum and trichloromethane use 
were found to be the greatest contributors to impact across the product life cycle. A full breakdown of 
percentage contributions and raw data for ReCiPe midpoint impacts can be found in the appendix.  
Table 9 shows a comparison between the carbon fibre composite stick and an aluminium stick. The 
CNT containing stick is higher in environmental impact for every impact category. Metal depletion 
for the aluminium stick is 42% that of the CNT containing stick. Terrestrial acidification and 
freshwater ecotoxicity for the aluminium stick have a third of the impacts than that of the composite 
stick.  
The findings of contribution analysis confirm other author’s findings on the domination of impact 
from CNT production energy consumption (Upadhyayula et al., 2012).  Singh et al (2008) found that 
recycling resources decreased environmental impacts from resource use, however, despite assuming a 
recycling rate of 90% for the catalyst, molybdenum use still contributed highly to total impact (Singh 
et al., 2008). 
Upadhyayula et al., (2012) showed there are still significant uncertainties in the life cycle assessment 
of carbon nanotubes.  These include uncertainties in both parameters used and the model itself. They 
are inherent across the life cycle and through each stage of the life cycle assessment process 
(Upadhyayula et al., 2012). The following section  (4.2.7) details a review of different methods of 
analysis which can be used to manage and communicate uncertainty, including: sensitivity analysis, 
scenario analysis, a pedigree matrix approach and Monte Carlo, qualitative review and expert 
engagement.  
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4.2.7 Assessing Uncertainties  
 
Uncertainties derived from parameter uncertainty such as data inaccuracies can be managed through 
the use of techniques such as statistical analysis, probabilistic simulation such as Monte Carlo, and 
sensitivity analysis. Data gaps can be evaluated through the use of tools such as critical review and 
parameter estimation methods. Model uncertainties can be reviewed using tools such as sensitivity 
analysis or scenario modelling (Bjorkland, 2002; Huijbregts, 1998).  Qualitative assessment and risk 
assessment aspects have been suggested as methods which can be incorporated into the life cycle 
assessment of nanomaterials (Grieger et al., 2012). The application of these different methods towards 
LCA of a carbon nanotube enhanced composite lacrosse stick is given below. 
4.2.7.1 Sensitivity analysis 
 
Sensitivity analysis can be used to show how variation in output values is apportioned to changes in 
input values. Sensitivity analysis could be performed for CNT production energy demand due to there 
being a number of different literature sources for energy use in CNT production. For other inputs such 
as resource use there was very little data available in literature to be able to use alternative values. 
Even for energy consumption, where values range from 1-10 MJ/g for CNT production (Kushnir & 
Sanden, 2008) to >1000 MJ/g (Khanna et al., 2007), this takes in a range of production techniques and 
catalyst types.  
A screening sensitivity analysis was performed where sensitivity was assessed over the 1-1000 MJ 
range. The aim of this type of assessment is to determine impact ranges for elements such as climate 
change potential and toxicity based on assuming lower or upper end of literature values for CNT 
production energy demand of 1 MJ, 100MJ and 1000MJ/g 
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Figure 10. Percentage change in total environmental impact through varying CNT production energy demand (baseline 
value is 10 MJ/g) 
 
Climate change impact for the base-case scenario assuming 10 MJ/g energy demand for CNT 
production meant a total climate change impact of 112 kg CO2eq. For 1MJ/g energy demand this 
is reduced to 84 kg CO2eq per functional unit. At 1000 MJ/g this is raised to 2697 kg CO2eq per 
functional unit (figure 11). This range was chosen because these are the upper and lower values 
found in literature. 
Sensitivity of the output to the energy input values can be addressed in a number of ways. It can 
either be addressed (as it has here) by manually altering the inputs and assessing the impact on the 
output impact categories, or it can be done through setting percentage variance on input 
parameters (those which are not fixed) and evaluating through Monte Carlo simulation. Manual 
sensitivity was chosen here so that fixed impact values could be obtained in order to draw 
comparison with the aluminium stick.  
 This is a very large range in potential values for climate change potential/global warming 
potential. The results of sensitivity analysis highlight the importance in gaining accurate industry 
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data on CNT production as the current range in literature values for energy demand lead to a very 
large range in potential environmental impact values. For comparative assessment this can have a 
huge impact on the favourability of products containing CNTs even after any positive impacts 
gained from the use phase are taken into account. The aluminium stick comparison used in this 
case has a total climate change impact of 7 kg CO2eq per functional unit. Even at the lowest value 
of 1 MJ/g for CNT production this is still far higher than the aluminium extruded stick.  
 
4.2.7.2 Scenario analysis 
 
Scenario analysis can be used to provide a picture of future alternative states or pathways to address 
uncertainties about the future.  In this study scenario analysis is used in an explorative way based on 
qualitative literature review and expert opinion to form assumptions on potential future processes for 
CNT production, treatment and product disposal. The following scenarios were assessed: 
 Substitution of cobalt molybdenum catalyst with an iron catalyst in CNT production 
 Use of hydrochloric acid instead of nitric acid to purify CNTs during CNT production 
 Disposal method – municipal and hazardous waste incineration 
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Figure 11. Percentage change in environmental impact using Fe instead of CoMo as a catalyst in CNT production 
 
Figure 12. Percentage change in total impact using HCl instead of Nitric acid to purify the CNTs during production 
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Figure 13. Percentage change in total environmental impact from assuming different end-of-life scenarios for the lacrosse 
stick 
 
Figures 12-14 show the percentage change in total environmental impact assuming different 
scenarios. It is shown that for CNT production scenarios changes in acid use slightly decreases 
climate change impacts but very slight increases human toxicity and ecotoxicity impacts. Overall, this 
accounts of only a few percent change (increase/decrease) in impact, yielding no clear environmental 
advantage to changing acid use for CNT purification. On the other hand, changing the catalyst used 
from a cobalt molybdenum catalyst to an iron catalyst led to a 71% decrease in metal depletion, 32% 
decrease in human toxicity, and 37% decrease in freshwater eutrophication. From these results it is 
clear that one way to significantly reduce the overall environmental impact would be to change the 
type of catalyst used from a cobalt molybdenum catalyst to an iron catalyst. For end-of-life scenarios 
(figure 15) there is a small decrease in metal depletion assuming municipal incineration and very 
small increase in global warming. For assuming hazardous waste incineration there is only a slight 
increase (<2%) in overall impact.  
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For both solvent change and end-of-life the differences in impact between the base-case and scenario 
are too subtle to judge as giving a different result, particularly because there is uncertainty relating to 
the conditions (production, waste composition etc.) assumed with the two. Changing the catalyst does 
have a significant difference; however, here there is also uncertainty relating to what changes in 
production condition or production yield might occur when switching between the two catalysts - 
altering what assumptions are made for production.  
4.2.7.3 Pedigree matrix  
 
The pedigree matrix is a qualitative assessment of data quality based on several different indicator 
areas (see table 1). The matrix allows the user to transfer qualitative assessment of data reliability, 
completeness, temporal differences, geographical differences, technological differences into a 1-5 
rating, which is then converted to an uncertainty factor using the table below (table 6): 
Table 6. Conversion of pedigree matrix values into uncertainty factors (Frischknecht, Jungbluth 2004) 
 
These uncertainty factors can then be used to calculate geometric standard deviation for a parameter 
(equation 1.0). The only difference is the calculation of the basic uncertainty factor which is 
calculated based on the ‘type’ of input parameter – electricity, organic compound, metal etc. This is 
calculated using table 2 (section 2.6.4). 
  𝑆𝐷𝐺95 ≅ 𝜎
2
𝑔 =  𝑒𝑥𝑝
√∑(𝑈1−𝑈5)2+(𝑈𝑏)2     (1.0) 
Where: 
U1=Uncertainty factor for reliability  
U2=Uncertainty factor for Completeness  
U3=Uncertainty factor for Temporal differences 
U4= Uncertainty factor for Geographical differences 
U5= Uncertainty factor for further technological differences 
Ub=Basic uncertainty factor 
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Following the calculation of uncertainty factors for each parameter subsequent geometric standard 
deviations for each input and emission within the LCA model are calculated. The results showing the 
derived standard deviations are given in table 7.  
 
The Geometric Coefficient of Variation (GCV) is analogous with standard coefficient of variation 
(CV) as a description of variation within log-normal data. Geometric standard deviation (σg) (the 
square root of standard deviation calculated from equation 1) is shown as highest for the amounts of 
cobalt and molybdenum in and spent catalyst emissions out. Deviation is also slightly higher for the 
polymer and resin parameters.  
 
The majority of the parameters shared almost equal scores for reliability, completeness, temporal 
differences, geographical differences, further technological differences. This means the governing 
factor for overall standard deviation was related to the basic uncertainty factor, which as can be seen 
from figure 16 is high for heavy metals. Therefore slight differences in values below 0.5-1 should not 
be considered as significant.  
 
Overall, what is understood from this data is that the greatest amount of uncertainty in input value has 
been placed around the metal catalyst. However, this is not related to very different rating within table 
6 using the pedigree matrix to derive uncertainty factors for data reliability, completeness, temporal 
differences, geographical differences, technological differences, but predominantly related to the high 
score given to heavy metals by the basic uncertainty factor (table 2 section 2.6.4).  
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Table 7. Empirical results of Pedigree Matrix analysis 
 
4.2.7.4 Monte Carlo analysis 
 
Monte Carlo allow you to obtain distributions of model outputs resulting from uncertainty 
distributions from model inputs. Monte Carlo was performed using pedigree matrix derived 
uncertainty distributions for the input values as has be done previously by Guo and Murphy (2012).  
Distributions used in the analysis were: Lognormal (80.4%), Undefined (19.4%), Normal (0.148%) 
and Triangle (0.0181%). Values containing uncertainty information totalled 80.6% of the data. The 
simulation was run for 1000 iterations using a stop factor of 0.005.  
Table 8 shows the output distributions for ReCiPe midpoint impact assessment, with the largest 
standard deviations given filled in grey.  
Figure 14 shows the 95% confidence interval range. The range for human toxicity is very large, as is 
the interval range for ecotoxicity. This is also seen through a very high CV for human and 
ecotoxicities within table 8. The means that uncertainties (represented by probability distributions) in 
PARAMETER σg GCV PARAMETER σg GCV
Inputs Emissions
Co_compound_in 2.4 1.1 Ar_out 1.7 0.6
Mo_compound_in 2.4 1.1 SpentCat_out 2.5 1.2
Substrate_in 1.7 0.5 carbon_out 1.8 0.6
Acid_in 1.5 0.4 H2_out 1.7 0.6
Energy_in_cvdreactor 1.4 0.4 Pure_CNTs_out 1.7 0.5
Ar_in 1.7 0.6 PTFE_filter_out 1.5 0.4
H2_in 1.7 0.6 DI_water_out 1.5 0.4
Carbon_in 1.9 0.7 Filtrate_out 1.6 0.5
Energy_purification_in 1.6 0.5 PTFE_membrane_out 1.5 0.4
PTFE_filter_in 1.5 0.4 FunctCNTs_out 1.7 0.5
CNT_in_unpure 1.7 0.5 Trichloromethane_out 1.5 0.4
Nitric acid_in 1.5 0.4 Acetone_out 1.5 0.4
DI_water 1.5 0.4 Resin_out 1.9 0.7
Carbon_fibre_out 1.7 0.5
Energy_in_functCNTs 1.4 0.4
PPE_polymer 2.1 0.8
PTFE_membrane 1.5 0.4
Pure_CNTs_in 1.7 0.5
Trichloromethane_in 1.7 0.5
Acetone_in 1.5 0.4
Resin_in 1.9 0.7
PANfibre_in 2.2 0.9
FunctCNTs_in 1.7 0.5
Energy_in_pultrusion 1.4 0.4
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input values (table 7) have most impacted human toxicity, meaning for this impact category there is a 
wide range in potential values (kg 1,4-DB equiv). 
Figures 15-18 show the impact distributions derived from input uncertainties. The shape and breadth 
of distribution is shown, but given the very different scales – comparing human toxicity to ozone 
depletion it is difficult to compare between them.  
The high standard deviation in human toxicity is likely to be due to the high geometric standard 
deviation in input parameters for the heavy metals used as catalysts (Cobalt and Molybdenum). The 
correlation between a high input distribution for metals and a high probability distribution for human 
toxicity was also seen by Guo and Murphy (2012).  
Table 8. Results of Monte Carlo analysis 
Impact category Units Mean Median SD 
CV (Coefficient 
of Variation) 2.5% 97.5% 
Agricultural land occupation kg CO2 eq 3.23E+00 3.06E+00 9.77E-01 30% 1.81E+00 5.60E+00 
Climate change kg CFC-11 eq 1.13E+02 1.09E+02 2.22E+01 20% 7.48E+01 1.63E+02 
Fossil depletion kg SO2 eq 2.41E+01 2.35E+01 5.90E+00 25% 1.47E+01 3.72E+01 
Freshwater ecotoxicity kg P eq 1.63E+00 1.87E+00 1.56E+01 959% -3.10E+01 3.14E+01 
Freshwater eutrophication kg N eq 3.94E-02 3.15E-02 3.30E-02 84% 1.25E-02 1.12E-01 
Human toxicity kg 1,4-DB eq 4.77E+01 1.41E+02 4.19E+03 8790% -8.56E+05 8.11E+03 
Ionising radiation kg NMVOC 1.99E+01 1.30E+01 2.63E+01 132% 4.62E+00 7.55E+01 
Marine ecotoxicity kg PM10 eq 1.19E+00 1.47E+00 1.26E+01 1060% -2.52E+01 2.53E+01 
Marine eutrophication kg 1,4-DB eq 6.86E-01 6.26E-01 3.13E-01 46% 2.68E-01 1.51E+00 
Metal depletion kg 1,4-DB eq 6.88E+00 4.90E+00 7.27E+00 106% 1.87E+00 2.61E+01 
Natural land transformation kg 1,4-DB eq 1.34E-02 1.22E-02 1.22E-02 91% -7.26E-03 4.12E-02 
Ozone depletion kBq U235 eq 3.95E-03 3.37E-03 2.43E-03 62% 1.28E-03 1.11E-02 
Particulate matter formation m2a 1.34E-01 1.29E-01 3.47E-02 26% 7.96E-02 2.19E-01 
Photochemical oxidant formation m2a 2.12E-01 2.04E-01 5.12E-02 24% 1.32E-01 3.34E-01 
Terrestrial acidification m2 3.84E-01 3.69E-01 9.71E-02 25% 2.40E-01 6.20E-01 
Terrestrial ecotoxicity m3 1.23E-02 1.39E-02 1.08E-01 874% -2.09E-01 2.21E-01 
Urban land occupation kg Fe eq 5.33E-01 4.84E-01 2.19E-01 41% 2.56E-01 1.09E+00 
Water depletion kg oil eq 5.70E+00 5.97E+00 3.30E+01 579% -5.89E+01 6.80E+01 
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Figure 14. Uncertainty analysis (charactisation) showing the 95% confidence interval range 
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Figure 15. Probability distribution for ReCiPe Climate Change impact 
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Figure 16. Probability distribution for ReCiPe midpoint Human Toxicity impact 
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Figure 17. Probability distribution for ReCiPe midpoint Freshwater Ecotoxicity impact 
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Figure 18. Probability distribution for ReCiPe midpoint Ozone Depletion impact 
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4.2.7.5 Stakeholder engagement 
 
Where information is lacking, and there are uncertainties in data or modelling, stakeholder 
engagement or a more systematic expert elicitation mechanism is often useful. Expert selection and 
the selection of key uncertainties to be evaluated in expert elicitation can follow a structured approach 
such as that suggested by RIVM (Expert Elicitation: Methodological suggestions for its use in 
environmental health impact assessment) (van de sluijs et al., 2004). Some of the key considerations 
highlighted are: 
 What major sources and characteristics of uncertainty can be distinguished? 
 Who is defined as an expert and what type of experts are needed? 
 How many experts? What will the method of engagement be? 
 What are the key outcomes required? e.g information for sensitivity analysis, scenario 
production, data quality checks, pedigree assessment etc 
Wardak et al., (2008) used expert interviews with a number of experts across fields of science and 
technology policy to inform disposal scenarios and identify risk triggers. In this case study 
engagement with experts from the nanomaterial manufacturing industry, composites industry, lacrosse 
players, and the areas of human and environmental nanomaterial risk assessment. Engagement with 
experts was performed informally through email conversation (in the case of some industry 
engagement following the signing of a non-disclosure agreement). The aims of the engagement 
process were the following: 
 Check model and parameter assumptions 
 Check assumptions made for use phase impacts and performance 
 Understand relevant alternative scenarios for production and end-of-life 
 Understand current risk assessment discussions on nanomaterials and some of the key 
challenges facing the area 
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Engagement, even in such an informal way, enabled the modelling of CNT production which reflects 
closely either current or future industrial processes. Discussing the current use of composite lacrosse 
sticks with local players from a range of club levels meant that qualitative risk assessment 
considerations could encompass some elements of the use phase, and assess how the functional unit 
should be set. Engaging with risk assessment experts from both human and environmental fields gave 
an understanding on the current situation for nanomaterial fate, exposure and hazard assessment.  
4.2.8 Qualitative risk review 
 
This subsection does not aim to go into depth on the risk assessment of nanomaterials, but intends to 
capture the current key issues for risk assessment.  
4.2.8.1 Fate and behaviour 
 
Understanding the potential risks posed by nanomaterials requires a detailed understanding of their 
fate and behaviour within the environment. The following factors should be taken into account: 
a. Physio-chemical properties 
Important physio-chemical properties include: 
 Chemical composition 
 Mass 
 Particle number and concentration 
 Surface area concentration 
 Size distribution 
 Specific surface area 
 Surface charge/zeta potential 
 Surface contamination/capping agents 
 Solubility 
 Crystal structure 
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(Gavankar et al., 2012a; Grieger et al., 2012; Hischier & Walser, 2012; Linkov & Steevens, 2009; 
Miseljic & Olsen, 2014) 
b. Transformation 
How the nanomaterial behaves as it enters the environment is a key consideration in understanding 
it’s effects. This is defined by its physiochemical properties; governing dissolution, any changes in 
surface structure, aggregation/agglomeration or sedimentation. Here the environmental conditions the 
material is exposed to is also important. (Miseljic & Olsen, 2014) 
c. Transport 
Where the nanomaterial ends up in the environment is controlled largely by 
aggregation/agglomeration and following sedimentation/deposition. Aggregation depends on: the 
materials hydrophobicity; the chemical bonding between particles, ionic strength and ionic 
composition. (Miseljic & Olsen, 2014) 
d. Toxicity 
Toxicity is governed by the nanomaterials physiochemical properties, and can change depending on 
environmental transformation and subsequent transport.  
Cell toxicity nanoparticles disrupt cells by causing the formation of reactive oxygen species, leading 
to oxidative stress which causes an inflammatory response. This disrupts normal cell function and cell 
development, leading to direct or even genotoxic effects.   
4.2.8.2 Exposure 
 
Exposure to nanomaterials can either be through inhalation, ingestion, dermal or intravenous. The 
majority of research has focused on the effects of inhalation as it is thought this route poses the most 
likely risk, however, given the levels of nanomaterials in cosmetics, sunscreens and other personal 
care items there has also been focus on dermal exposure routes too.  
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Environmental exposure can occur either through: emissions from manufacture and processing; from 
machining; through environmental degradation and weathering; through chemical or thermal 
degradation; or through emissions related to end-of-life processing. Potential exposure routes across 
the life cycle of a product should be fully evaluated.  
Currently there is still a lot of work required in detecting nanomaterials in complex or 
environmentally relevant media; the prediction of environmental fate taking into account alteration by 
the environment and aging; improved characterisation of test materials used in toxicity testing and 
closer relevance to potential environmental concentrations; and exposure estimation and modelling. 
Where there is both weak dataset information (as might be found for bulk solutes) and poor particle 
characterisation and quantification, this leads to a propagation of potentially unacceptable uncertainty 
in risk characterisation.  
4.2.8.3 Hazard identification and dose-response assessment  
 
The following assumptions were made: 
 Considering inhalation, ingestion and dermal exposures. Intravenous exposure was not 
included as it is assumed this is not relevant for CNTs in sports goods.  
 Material is based on a multi-walled carbon nanotube (MWCNT) product produced using Co 
and Mo catalysts available for purchase from Sigma-Aldrich  
 Median CNT outer diameter is assumed to be 10nm and inner diameter 4.5nm, with a median 
of 7 walls. Median tube length is assumed to be 3 microns. Aspect ratio is 300 with a specific 
surface area of 350m2/g. 
 Review of toxicity data for human toxicity study only contains assessments where 
composition, size and impurities are stated  
Summary of human toxicity studies  
A meta-analysis by Gernand and Casman (2014) found that metallic impurity (with cobalt 
significantly increasing observed toxicity), CNT length (negative correlation) CNT diameter and 
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aggregate size (negatively correlated with cell damage) all affected overall toxicity (Gernand & 
Casman, 2014). Pauluhn (2010) used 10nm diameter MWCNT (Bayer tubes) 200-300nm in length, 
and percentage cobalt impurity of 0.46-0.53%. Pulmonary toxicity in rats was observed from 0.4 
mg/m3 (inhaled dry dust). The study supports the suggestion that the MWCNTs remain in an 
aggregated state within the lung – not disaggregating into particles or fibres. It also supports a 
proposed NOAEL (no-observed-adverse-effect-level) of 0.1 mg/m3 (Pauluhn, 2010). Ma-hock et al 
(2009) used Nanocyl MWCNTs 5-15nm in diameter and 0.1-10µm in length with a 10% metal 
impurity most of which was aluminium oxide with some cobalt and iron. They determined a LOEC 
(lowest observed effect concentration) of 0.1mg/m3(Ma-Hock et al., 2009). Ryman-Rasmussen (2008) 
studied MWCNTs of 10-50nm diameter 0.5-40 µm in length with a 0.34% nickel and 0.03% 
lanthanum impurity. They used a high acute dose not representative of occupational exposure but 
tested for increased sensitivity in the case of pre-existing lung inflammation such as is found with 
asthma. They found that mice with a pre-existing lung inflammation were much more sensitivity to 
MWCNT inhalation compared with those that did not (Ryman-Rasmussen et al., 2009).  
The MSDS sheet for the MWCNTs assumed to be used in this study gives a permissible exposure 
limit (PEL) of 5mg/m3 and a NIOSH recommended exposure limit (REL) of 7µg/m3 (respirable). This 
compares with the metal impurities of molybdenum which has a PEL of 10 mg/m3 (total dust) and a 
REL of 10 mg/m3. Cobalt has a PEL of 0.05 mg/m3 and RELs of 15 µg/L (urine) and 1µg/L (blood). 
Iron oxide fume has a PEL of 10 mg/m3 and REL of 10 mg/m3.  
Summary of ecotoxicity studies 
A review by Jackson et al., (2013) found that studies observed an almost full excretion of MWCNTs 
from mice fed MWCNTs, whereas there was a greater amount of translocation observed for 
SWCNTs. This is in contrast to a study on Daphnia Magna using MWCNTs (diameter 30-70nm, 
average length 407nm, 99.9% carbon purity, no catalyst or metal impurity data given) where it was 
found that nanotubes which were not fully dispersed were not excreted, potentially limiting the 
digestion of food in the environment (Petersen, Akkanen, Kukkonen, & Weber, 2009). Jackson et al., 
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(2013) found that generally SWCNTs were more toxic to bacteria than MWCNTs (Jackson et al., 
2013). A study by Kang et al (2008) looked at the associated toxicity towards bacteria on changing 
the physiochemical properties of MWCNTs. The average diameter of the nanotubes is 8-55nm with 
lengths ranging from 1.7-112µm (this includes short-MWCNTs). The study showed the presence of 
amorphous carbon did not affect toxicity towards E.Coli. The study also did not support previous 
findings that metal impurity increases toxicity. Argon treated MWCNT (treated to remove catalytic 
impurity) showed a slightly higher toxicity than the dry oxidised MWCNTs containing moderate 
levels of iron catalyst. It was found that the sample treated with argon to remove the catalyst material 
adopted a bundled conformation whilst the acid treated sample was less so. The acid treated sample 
showed a higher toxicity toward E.Coli. Short length tubes were found to be more toxic to the bacteria 
than longer MWCNTs (Kang, Mauter, & Elimelech, 2008). 
 Chung et al (2011) assessed the effect of MWCNTs on soil microbial activity. MWCNTs (15.1nm 
average diameter, average 15 walls, above 95 wt%) . The study found that microbial enzyme activity 
was significantly reduced when 5000 µg/g was applied to the soil (Chung, Son, Yoon, Kim, & Kim, 
2011).  
For aquatic toxicity a broad range of aquatic organisms have been tested (Petersen et al., 2011). This 
includes fish, daphnia, larvae, protozoa and bacteria. For MWCNTs effects for aquatic species ranged 
from 0.1-100 mg/L (pelagic) and 30-1000 g/kg (benthic). Sonication of the CNTs so that they were 
more dispersed increased their toxicity. Invertebrates were found to be more sensitive than 
vertebrates.  Effect concentrations were found to be well above current modelled average data for 
carbon nanotubes in the environment.(Jackson et al., 2013; Petersen et al., 2011) 
4.2.8.4 Fate and exposure assessment 
 
CNTs can appear in the environment as either naturally occurring, incidental (from fuel combustion), 
or through release of engineered particles. This makes it very difficult to monitor the concentration of 
engineered particles released into the environment.   Production estimates for CNT production 
(MWCNT, SWCNT, DWCNT) range from 350-500 tons per year (Petersen et al., 2011). Potential 
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release mechanisms through the life cycle include; biodegradation, mechanical 
abrasion/scratching/sanding, washing, diffusion, matrix thermo-/photo-/hydrolytic- degradation, and 
incineration (Petersen et al., 2011). The following review considers the nanotube state, fate and 
exposure mechanisms at each stage of the CNT life cycle within a lacrosse stick. 
CNT Production 
At this stage of the life cycle the nanotube is in a pristine form and although is likely to sediment 
faster, it is in it’s most toxic state (Jackson et al., 2013).  Release here can be both internally within 
the factory affecting workers, or externally affecting the outside environment. Release can lead to 
occupational inhalation, ingestion or dermal exposure. It can also lead to external emission through 
airbourne emission or through waste effluent from the factory. This can be both through unintended 
emission at the factory, or through processing and treatment of waste acid or waste water used in 
purifying the nanotubes by an external treatment facility.  
CNT CFRP lacrosse stick production 
Following functionalization the nanotube the same potential exposure routes apply: occupational 
inhalation, ingestion or dermal exposure. Once the CNT has been incorporated into the resin matrix 
release could occur through further machining of the stick, exposing the nanotubes into airborne dust 
or fibres leading to inhalation, ingestion or dermal exposure. Emission from waste resin could also 
occur here.  
Lacrosse stick use 
Release could potentially occur during use of the stick either through mechanical abrasion or braking 
or matrix degradation. Figure 23 shows results of mechanical stress and abrasion of a carbon fibre 
hockey stick through practice and match play and the type of fibre exposure achieved.  
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Figure 19. CFRP hockey stick showing carbon fibre exposure 
 
The lacrosse stick shaft is unlikely to experience the same stresses as the hockey stick due to the 
nature of use in practice and match play. However, on engaging with players from several local clubs 
(from both men’s and women’s teams) they found that on occasion their carbon sticks did snap or 
fracture. This therefore could lead to exposure of CNTs on carbon fibres, with the risk of dermal 
exposure or inhalation/ingestion of airbourne particles following material failure. This may also 
expose CNTs emissions to the environment. Studies have shown evidence for the exposure of CNTs 
on the surface of fractured composite samples, but have not shown further release of nanocarbons into 
the environment. This could be down to the nature of entanglement within the matrix system lowering 
the likelihood for release (Petersen et al., 2011).   
End-of-life 
In this study it has been assumed that the stick would be disposed of as municipal waste in landfill. 
The disposal of the stick via incineration was assessed within the scenario analysis step. A major issue 
with detecting CNTs in char and particulate emissions is being able to measure them in the 
environment. Typically carbon nanofibres (which are on average >100nm) are measured. Studies have 
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shown nanofibres to be present in the incinerator char but not in particulate emissions (Petersen et al., 
2011). 
Gottschalk et al. modelled their removal from waste water treatment facilities at 96.3-99.7% due to 
NOM-induced CNT stabilisation (Gottschalk & Nowack, 2012; Gottschalk, Sonderer, Scholz, & 
Nowack, 2009).  
Summary of life cycle exposure and risk is given in figure 20. This shows where the CNTs are 
encapsulated within their life cycle and with risk relating to exposure reduced.  
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Figure 20. Graphical representation of life cycle risk posed by a CNT containing CFRP lacrosse stick 
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4.2.9 Discussion 
 
The case study reviewed the application of uncertainty assessment techniques towards parameter and 
model uncertainties within the LCA of a carbon fibre reinforced polymer lacrosse stick enhanced with 
carbon nanotubes. Sensitivity, scenario analysis, pedigree matrix approach, Monte Carlo, expert 
engagement, and life cycle risk assessment approaches were used.  
 
Overall, it was seen through sensitivity analysis that because of the range in CNT production energy 
demand, this meant that values for impacts such as climate change impact/global warming potential 
might vary by a factor of 1000 depending on what CNT production energy source is used. This could 
have a large impact on comparative studies with bulk material, and should be a discussion point in 
LCA when evaluating the trade-off between increased production energy demand for a CNT-
containing product against the potential nano-specific benefits in use phase it might bring such as 
lightweighting or increased material properties.  
 
Scenario analysis showed that the type of catalyst used in CNT production had a substantial impact on 
overall environmental impact, and if industries were looking to reduce the overall impact of the 
process they should use an Fe catalyst over cobalt molybdenum assuming that all other processes are 
similar and the relative performance of the catalyst is the same. It also showed that changing assumed 
end-of-life management options does not greatly affect overall environmental impact.  
 
Using a pedigree matrix qualitative assessment of data quality was able to derive empirical values for 
uncertainty distributions on input and emission data across the products life cycle. This was a useful 
review tool to assess data quality; however, the scale of uncertainties within a majority of the data sets 
meant that uncertainty distribution was governed by the basic uncertainty factor. Overall, geometric 
standard deviation (as a representation of uncertainty) was greatest for cobalt and molybdenum use. 
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Monte Carlo is a technique used for evaluating the impact probability distributions based on input 
independent variable uncertainties. This technique propagated findings from the pedigree matrix 
analysis, leading to relatively large standard deviation in human toxicity potential.  
 
Stakeholder engagement and qualitative risk review highlighted the potential for carbon fibres 
containing CNTs to be released during use and disposal phases, with literature showing no evidence 
yet of significant risk. Engagement emphasised the challenges of measuring CNT release into the 
environment, with transport and fate heavily reliant on physio-chemical properties of the CNT and the 
properties of the environment.  
 
Overall, scenario analysis and the use of stakeholder engagement were shown to be effective methods 
at handling and communicating uncertainties within the system. The use of qualitative life cycle risk 
review alongside quantitative LCA study was useful in assessing life cycle risks of nano-specific 
aspects when data gaps in LCA data are present.  
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4.3 Case study 2: Dye-Sensitised Solar Cells (DSSC) as an alternative 
to battery power in an indoor smoke detector 
 
This case study on an emerging 3rd generation solar cell system uses uncertainty assessment to 
understand future implications of the technology on full-scale commercial uptake. It evaluates the use 
of dye-sensitised solar cells (DSSCs) within a wireless indoor smoke detector to potentially double 
the primary battery life of the detector from 5 to 8-10 years. This reduces the need for intervals of 
service and maintenance over this period.  
The system evaluated in this study was constructed based on data from a DSSC manufacturer and 
literature available on similar systems such as GCell (which is currently used within a wireless smoke 
alarm system, cited as being one of the first applications of indoor solar in the professional fire and 
security market to extend the lifetime of primary lithium-ion batteries (GCell)). The DSSC fits round 
the curved smoke detector base unit – something which would not be possible with rigid silicon-based 
solar cells. Its integration leads to an increase in primary battery life, reducing the maintenance 
requirement through the smoke detectors lifetime (GCell).  
The case study aims to explore the role of uncertainty assessment evaluating this emerging 
technology, particularly as there is very limited information available on the application of the DSSC 
within this particular indoor smoke alarm system.   
4.3.1 Dye sensitised solar cells 
 
Solar photovoltaics (PVs) are often cited as being a key component in the transition to a clean 
energy society. Two major issues with current solar technology that limit its more widespread 
adoption are: 1) the efficiency of the conversion rate to electrical energy and 2) manufacturing cost. 
Typically, the solar market is dominated by first-generation silicon solar cells. The majority of 
research to date into alternatives has been focused on thin film and other so-called ‘2nd generation 
technologies’ but emphasis is now increasingly shifting towards ‘3rd generation technologies’ which 
include those based on nanotechnology, and dye-sensitised solar cells (DSSC).  
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DSSCs were first developed in the early 1990’s by Michael Gratzel at the Federal Polytechnic 
University Lausanne, Switzerland (EPFL) (O'Regan & Gratzel, 1991). Based on the principle of an 
illuminated organic dye generating electricity at an oxide electrode, they achieved laboratory 
efficiencies of over 12%. Dye sensitised cells work in the following way: sunlight strikes the dye, 
exciting electrons within it and injecting them into the conduction band of a titanium dioxide layer. 
These electrons are then conducted outside the cell through the transparent electrode onto an external 
circuit. The electrons are reintroduced into the cell through the counter electrode where iodide ions 
from the electrolyte transport the electrons back to the dye molecule (Jena et al., 2012; Kawakita, 
2010).  
Dye-sensitised cells have several advantages over silicon cells. They use a relatively low cost 
manufacturing process, relying on spin coating and printing of the material with no large scale 
vacuum equipment required. They have the ability to be incorporated into a wide range of end product 
designs including flexible panels. They also have stable electrical generation even under weak or 
ambient indoor lighting, making them ideal for buildings-integrated photovoltaic systems (BIPV) and 
indoor energy harvesting for products such as indoor sensors for buildings management systems (Jena 
et al., 2012; Nanomarkets). Low light level applications are seen as one of the largest potential 
markets for DSSCs and companies such as Dyesol, G24i, Solarprint and Sony are working to 
commercialise this technology (Nanomarkets). 
However, there are also a number of drawbacks to DSSCs. Some of the suggested improvements to 
current designs are:  
Improve electrolyte stability 
 
Over the past few years alternative electrolytes have been researched, prompted by stability issues 
with existing materials. Variation in temperature can cause seal rupture, electrolyte leakage and 
operational failure (Byrne, Coughlan, Surolia, & Thampi, 2013). This can lead to environmental 
toxicity and photochemical oxidant pollution if volatile organic solvents such as acetonitrile are 
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released. For DSSCs to be commercialised fully, such issues are being addressed via the use of 
different types of electrolyte system. Solid state electrolytes offer better mechanical stability and a 
simple fabrication process but generally do not reach the same efficiencies as liquid electrolytes 
(typical conversion efficiencies of < 5%) (Gong, Liang, & Sumathy, 2012). To solve this problem, 
quasi-solid/gel electrolytes that retain a high ambient conductivity, allow for good interfacial contact 
with the TiO2 and are much more stable than liquid alternatives have been suggested (Gong et al., 
2012).  
Improve electromagnetic absorption range of the dye  
 
The dye absorbs from the visible light range, but to further increase efficiency a wider range of 
absorption is sought. Research on panchromatic dyes has been undertaken for several years although, 
in general, it has been found that dyes which can absorb strongly tend not to absorb over a broad 
range of the electromagnetic spectrum.  Historically, the best performing dyes have been polypyridyl 
complexes of ruthenium; however, comparable efficiencies have been achieved with organic 
porphyrin sensitisers (Campbell et al., 2007).  
Reduce materials supply risk 
 
A potential limitation to wide-scale adoption of DSSCs is their current dependency on the use of 
platinum group metals (PGM) (platinum catalyst, ruthenium-based molecular dye) which can be 
subject to price variation and supply risk. Ruthenium and platinum PGMs are generally derived from 
nickel and copper deposits and PGM supply is limited by the number of economically viable world 
deposits (POLINARES, 2012).  This is another driver for research into alternative dyes.   
Improve energy efficiency of the production processes 
 
Solar glass production and cell manufacture itself can include energy intensive production steps 
such as high temperature deposition techniques and sintering. Lower temperature deposition and more 
efficient manufacturing methods such as roll-to-roll methods can improve energy efficiency during 
production.  
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4.3.2 Dye sensitised solar cell LCA 
 
Understanding the potential environmental impact of new technology in the early stages of 
commercialisation is becoming increasingly important both to industry, regulators and policy makers. 
A relatively small number of LCA studies have been published to date for dye-sensitised solar cells. 
Greijer et al modelled a liquid junction glass-based dye photovoltaic system, assuming a cell 
efficiency of between 7-12% and a lifetime of 20 years. The study recommended improving the 
manufacturing process as the deposition and sintering stages were highly energy demanding (Greijer, 
Karlson, Lindquist, & Hagfeldt, 2001). Similarly, de Wild Scholten and Veltkamp (2007) studied a 
liquid junction glass-based dye cell, with a module efficiency of 8%. They found that the dominant 
environmental impacts came from energy consumption in the preparation of materials for cell 
manufacture, mainly the glass substrate. Both studies raised the issue of supply risk of PGM use in 
cell manufacture (Veltcamp & Wild-Scholten, 2006). More recently, Parisi et al. (2014) found that by 
changing the substrate material for the production and use of a DSSC from glass to a polymer reduced 
the energy consumption by 35% (Parisi, Maranghi, & Riccardo, 2014). All LCAs so far have 
considered DSSCs as alternatives to current outdoor silicon cell technologies.   
As stated previously, DSSCs have the advantage of comparatively good conversion efficiencies 
even under low light conditions. This makes them ideal for indoor applications, for example, as 
replacements for batteries in products like gas/smoke sensors or in other electrical or battery operated 
buildings management systems. Consequently, this study has chosen to evaluate DSSC use within a 
wireless indoor smoke detector system replacing the need for lithium-ion battery replacement over an 
8-10 year period. The DSSC harvests light energy during the day (assuming 10 hours of 200lux 
average light levels and a power density of ~8µW/cm2), meaning the detector does not have to rely on 
primary battery power. Quoted increases in battery lifetime through using DSSCs to harvest indoor 
light are from 5 to 8-10 years, using ultra low power integrated circuits and a low leakage super 
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capacitor to ensure the wireless device is able to continue operation when no light is available 
(GCell).  
 Scenario analysis of possible future materials, production techniques, and different electrical 
energy supply for DSSC manufacture is used in the LCA model to explore the potential for optimising 
the DSSC system’s environmental performance relative to the conventional battery-powered only 
benchmark.  
4.3.3 Goal and scope definition 
 
The LCA approach used follows the principles of ISO 14044 (ISO 2006). The goal of this study is 
to perform a scoping level life cycle assessment of a dye-sensitised solar cell used within an indoor 
smoke detector system in order to increase the primary lithium-ion batteries lifetime over an 8 year 
period. This is contrasted with a system where the lithium-ion battery requires replacement over the 
period.  The study is being carried out as an LCA example of an emerging technology – the first LCA 
to show DSSCs being used for indoor applications, and shows some of the challenges faced for 
environmental assessment at this stage in technology maturity. The intended application of the study 
is to inform wider methodological discussion on the role of uncertainty assessment in evaluating 
emerging technologies.  
The baseline LCA case compares the use of one lithium-ion battery and the DSSC, with the use of 
two lithium ion batteries over the 8 year period assuming that lithium-ion batteries last for 5 years: 
LCA base-line: 1 lithium-ion CR123a battery plus DSSC cells (Figure 21) 
Comparison: 2 lithium-ion CR123a batteries (Figure 22) 
The number of cells required is calculated based on the dye-sensitised cells achieving a power 
density performance of ~8 µW/cm2 at 200lux  (comparable to other DSSCs which have been quoted as 
having power densities of 4-7 µW/cm2 at 200lux (GCell)). The power density measure is used rather 
than traditional efficiency rating because this is a more tangible performance measure for indoor use 
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(GCell). Dye-sensitised cells manufactured for this study have a cell size of 28cm2 meaning 7 cells 
would be required to harvest enough energy to prolong the battery life by a further 8 years, working 
on the minimum values given for the commercially available example.  
The functional unit for the LCA baseline is ‘the provision of 151 KJ of electrical power over an 8 
year period in order to ensure 24 hour smoke detector operation’. The assumption of an 8 year 
lifetime for the DSSC was quoted by the cell manufacturer. This is also comparable to the 
assumptions made by the commercially available cell used as a reference (GCell). The electrical 
energy required over 8 years is based on an ultra-low power 200µA detector.  
The system boundary considers cradle-to-gate phases quantitatively, with use and end-of-life 
evaluated qualitatively. The Balance of System (BOS) (which encompasses all system components 
other than the cell itself) is not included within the scope of the study, nor is the wireless solar base 
unit for the smoke detector itself.  
 
Figure 21. DSSC base-case system boundaries 
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Figure 22. Conventional battery-only comparison system boundary 
The system was modelled using the LCA software Gabi 6 and a combination of databases including 
Ecoinvent v3 and PE International (now Thinkstep). Details of the inventory data are given in the 
appendix.  
ReCiPe (H) midpoint impact potentials were chosen for life cycle impact assessment, along with 
USEtox to represent toxicity potentials. A streamlined list of impacts are included in the main part of 
this study, a full list of ReCiPe (H) midpoint impacts are available in the appendix. A streamlined list 
was used to show a broad range of relevant environmental impacts, given that the study aims to 
illustrate the methodological use of scenario analysis through a scoping LCA approach rather than 
presenting a comprehensive assessment of the DSSC technology through LCA.  
The scenarios included within the study cover changes to materials, production methods and energy 
sources. The selection of scenarios was done through an iterative process, evaluating potential 
‘hotspot’ areas during the study, engaging with experts in the area and consulting literature. The 
scenarios selected aim to represent possible areas of development for the technology in the future.  
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4.3.4 Life cycle inventory 
 
DSSC production involves the preparation of two glass substrates. Titanium dioxide is screen 
printed onto one substrate and sintered before being stained with the dye. Platinum is printed onto the 
photoelectrode, followed by silver printing and the two substrates are then combined and fused in an 
oven.  
The DSSC glass substrate used was a solar glass (uncoated), with subsequent deposition of a 
transparent conductive oxide (TCO) onto the glass surface. The TCO glass assumed for this study was 
based on that of Pilkington (Pilkington). The TCO is assumed to be a fluorine doped tin-oxide (FTO) 
applied to the glass via a chemical vapour deposition (CVD) technique. Only deposition energy was 
included in this study due to lack of data on FTO production.  Production of this TCO glass using UK 
average grid electricity (2013 mix) was used as the base case for this study. Scenarios for TCO glass 
deposition were developed based on popular deposition techniques currently used to deposit thin 
films. Techniques were chosen in consultation with experts in the area.  
The solvent used in some of the processing is isopropanol, 90% of which is assumed to be recycled 
or recovered. This is based on information for scaled-up processing given by the manufacturer. The 
ruthenium dye modelled was based on the literature synthesis of a ruthenium complex for sensitized 
cells (Nazeeruddin, Klein, Linka, & Gratzel, 2005), with the surrogates ‘platinum metal group 
production’ used for ruthenium metal in the complex and ‘pyridine compounds’ used to represent 
4,4bi(carboxyvinyl)2,2bipyridine in the production of the organometallic complex. Both were taken 
from Ecoinvent v3. The process for production of the imidazolium iodine electrolyte was based on the 
production of imidazole as there is no data available in GaBi 6 on the production of iodine. This was 
obtained from literature assuming the production of methylimidazole, with stoichiometry used to 
obtain the quantities of starting materials required. Cumulative energy demand for the production 
process was calculated using Finechem. Finechem is a software tool which can be used to estimate 
resource use and environmental impact of petrochemicals (ETH).  
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Scenarios were developed for the production of different electrolyte systems: Perovskite, 
thiocyanate/lithium iodide, and cobalt polypyridyl. These were calculated within the inventory 
through using either the base metal or the closest inventory dataset based on their chemical 
composition. For cobalt polypridyl ‘Cobalt, at plant’ was assumed. For thiocynate ‘Nitrile 
Compounds’, and ‘Lithium Chloride, at plant’ used in place of Lithium iodide. Other material 
scenarios investigated include varying the dye used and the counter electrode used. Dyes used 
inventory information based on their metal; with the organic dye calculated based on ‘methylene 
diphenyl diisocyanate, at plant’ taken from Ecoinvent 3 dataset. Where permitted, Finechem was used 
to determine energy demand for production. Scenarios for the deposition of FTO onto the glass 
substrate during solar glass production were investigated. The base-case scenario used CVD which is 
likely to be the main high volume deposition technique available. Other techniques such as sol-gel 
deposition, spray pyrolysis, sputtering and electron beam evaporation were assumed based on 
machine technical specification and expert advice. Scenarios for energy use were also investigated. 
These were evaluated based on a series of high energy using processes in both solar glass and DSSC 
production. Scenario analysis was conducted using values from Ecoinvent 3 and PE datasets in Gabi 
6. 
Following its production the DSSC is then integrated into the wireless solar base unit of the smoke 
detector. The manufacture of the unit is not considered within the system boundary of the study, as it 
is assumed to be essentially the same for both the DSSC and conventional battery-powered systems.  
The DSSC provides extra energy to power the detector and increase the life of the battery. The 
battery used in this study is a Duracell Ultra© lithium-ion battery (size CR123a). A 17g lithium-ion 
single cell battery was assumed from the Ecoinvent database (single cell, lithium-ion battery, at plant). 
The dataset system boundaries include chemical facility inputs and transport. Transport is not 
considered within the system boundaries for the DSSC.   
For the comparative example DSSC manufacture was replaced with the manufacture of another 
lithium-ion single cell battery. Full inventory information can be found in Appendix III.  
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4.3.4.1 Limitations 
 
The input data for this study was obtained directly from the DSSC manufacturer; however, scaled up 
amounts where based on the manufacturer’s desired efficiency improvements rather than actual data 
which adds a level of uncertainty to whether this could actually be achieved. The greatest source of 
uncertainty comes from the lack of specific compounds within the EcoInvent and GaBi database 
meaning that the LCI was constructed based on the best or closest fit to the actual chemicals and 
compounds used. These were calculated through using methods such as Finechem to obtain energy 
data (although for many compounds this method was unsuitable) and from using the chemicals which 
are used to produce that particular compound. Where these were unavailable similar compounds 
where used. Using methods such as Finechem allow the practitioner to obtain energy values for 
production, but these are proxy values based on the molecular composition of the compound and 
hence uncertainty relating to this should be noted. Because such small amounts of material are used 
and the production process is still relatively inefficient the direct energy (which was given by the 
manufacturer) required to produce the DSSC far outweighs the energy required to produce the 
compounds used.  
4.3.5 Life cycle impact assessment 
 
The midpoint ReCiPe (Hierarchical) LCIA method was applied to the LCI, focusing on climate 
change, fossil depletion (kg oil equiv), metal depletion (kg Fe equiv), human toxicity, freshwater and 
marine eutrophication, terrestrial eutrophication, and terrestrial acidification and human toxicity. 
USEtox is used for ecotoxicity (CTUe) to order to show a singular ecotoxicity impact. Rational for the 
streamlined set of impact categories is to show a broad range of impact areas highlighting key aspects 
rather than overloading the reader with all available information. All ReCiPe (H) midpoint impact 
cateogories can be found in appendix III, as objective of the study is to explore the use of scenario 
analysis as a technique for managing uncertainty and evaluating future technology changes through a 
scoping level study rather than present a comprehensive LCA evaluation of the DSSC technology.  
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The contributions to the life cycle impacts for the Functional Unit of the base-case DSSC system are 
given in Table 9 for the eight selected impact categories. 
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Table 9. LCIA results for contribution to total impact of DSSC life cycle Functional Unit (%) 
 
 Impact Category 
 
Climate 
change, 
[kg CO2-
eq] 
Fossil 
depletion 
[kg oil eq] 
Human 
toxicity 
[kg 1,4-
DB eq] 
Metal 
depletion 
[kg Fe eq] 
Freshwater 
eutrophication 
[kg P eq] 
Marine 
eutrophication 
[kg N-eq] 
Terrestrial 
acidification 
[kg SO2 eq] 
USEtox, 
Ecotoxicity  
[CTUe] 
FTO glass prodn via CVD  
UK electricity  55 57 34 11 1 54 56 4 
Solar glass 0 0 2 3 4 1 1 3 
DSSC manufacture 
UK electricity  41 43 24 8 1 41 42 3 
Disposal, solvents mixture, to 
hazardous waste incineration  
4 0 1 0 48 3 0 1 
Silver, from copper production 0 0 0 0 0 0 0 0 
TiCl4 soaking  0 0 0 0 0 0 0 0 
Dye deposition  0 0 0 0 0 0 0 0 
Sealant printing  0 0 0 0 0 0 0 4 
TiCl4 blocking glass  0 0 0 0 0 0 0 0 
Isopropanol, at plant  0 0 2 0 0 0 1 1 
Platinum  0 0 0 0 0 0 0 0 
Pyridine-compounds 0 0 0 0 0 0 0 0 
Silicone product 0 0 0 0 0 0 0 0 
Soap 0 0 2 0 0 0 0 1 
Lithium-ion battery  0 0 35 78 46 1 1 85 
TOTAL 100% 100% 100% 100% 100% 100% 100% 100% 
 137 
 
 
Figure 23. Contribution (%) to LCIA for Functional Unit for DSSC life cycle 
 
In figure 23 the major contributors to impact are shown. These are: the electricity used to produce the 
FTO solar glass; the disposal of solvents during production; the production of the lithium-ion battery 
which is charged by the cell; electricity relating to the manufacture of the DSSC itself; and all other 
processes.  
Both table 8 and figure 23 show that contribution to total impact for the baseline LCA scenario comes 
from: the use of electricity for both the manufacture of the DSSC itself and the deposition of FTO 
during glass production; and the lithium-ion battery. The battery contributes strongly to USEtox 
ecotoxicity impact and metal depletion. Solvent waste disposal during DSSC manufacture contributes 
highly to overall freshwater eutrophication impact. Contribution to climate change is dominated by 
electricity usage for DSSC manufacture and FTO deposition during glass production.  
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Comparison between other DSSCs is made assessing climate change impact per kWh. For the DSSC 
cell in the present study this is 0.439 kg CO2-eq per kWh electrical power produced.  Greijer et al 
(2001) cite a GWP of approx. 0.02 kg CO2-eq/kWh, de Wild-Scholten and Veltkamp (2006) 0.020-
0.120 kg CO2-eq/kWh and Parisi, Maranghi, & Riccardo (2014) a range of 0.04-0.075 kg CO2-
eq/kWh. The climate change impact for the base-case scenario for the DSSC in our indoor-based 
study is much higher than in these outdoor-based studies reported in literature. This difference 
between ours and literature studies is likely due to the much higher irradiancy in the latter studies.  
Optimal end-of-life management of DSSCs would be their recycling, particularly of the ruthenium 
metal sensitiser and the platinum counter electrode. Sensors and detectors for gas and smoke are 
covered under the EU Waste Electrical and Electronic Equipment (WEEE) Directive which 
establishes targets for the collection, recycling and recovery of WEEE. Ionising smoke detectors pose 
potential environmental risks through their use of Americium-241 and disposal regulations for this 
type of sensor vary. Environmental risk in the case of landfilling the whole detector would be related 
to further leaching of the DSSC’s liquid electrolyte and solvents from the cell. Although this may 
pose a potential risk for landfill leachate, specialist landfilling of DSSCs may nevertheless be the 
more economically feasible option, especially if platinum and ruthenium complexes are replaced with 
other materials, as current solar PV recycling costs outweigh landfilling costs (Parisi et al. 2014; 
McDonald and Pearce 2010).  
4.3.5.1 Comparison - DSSC base-case vs conventional battery only system 
 
It is assumed the DSSC cell would be used to increase the lifetime of the primary battery in a low 
power consumption 200µA smoke detector. Over its 8 year lifetime the DSSC would therefore be 
required to produce 42 watt-hours of power. One DSSC module (each module is 27.8 cm2) will 
produce 7 watt-hours of power over an 8 year lifetime assuming each day it produces power for 10 
hours.  Therefore, to power the smoke detector, would require approx. 196cm2 area of DSSC modules 
to collect enough energy to extend the life of the primary battery from 5 to 8 years. For the purposes 
of this study, 100% conversion of stored energy is assumed with no losses from resistance.  
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This DSSC base-case is compared with a battery only system where 2 lithium-ion batteries are 
required over the eight year period, each weighing 17g.  The total energy demand and Climate 
Change impacts for the DSSC base-case (196cm2 DSSC and 1 lithium ion battery) are 845 MJ and 52 
kgCO2-eq. respectively  compared with 6 MJ and 0.2 kgCO2-eq for the 2 lithium ion single cell 
batteries.  
The energy demand for the DSSC-powered system is far higher than the conventional battery-
powered system. Climate change impacts are also far higher for the DSSC and lithium single cell 
battery. Assuming the production processes and cell performances used in this case study; the 
technology is currently not comparable in terms of energy or carbon emissions to the battery system 
alone.  It is clear from this base-case analysis that the power output for this particular DSSC-system 
and/or its manufacturing impact need to be improved significantly if it is to become an 
environmentally more favourable option in terms of climate change impact than the current battery-
only powered smoke detector. This study has however not considered environmental impact or cost 
resulting from the replacement of the smoke detector battery after the first 5 years of use, particularly 
in the case of a large office facility or factory where many detectors may need their batteries replacing 
at once. This would not be needed under the DSSC base-case system as the batteries life would be 
extended by a further 3 years.  
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Figure 24. DSSC wireless detector system compared with a conventional battery-only system per functional unit 
 
For other environmental impacts (figure 24), fossil depletion is similarly higher for the DSSC base-
case. Freshwater eutrophication for the DSSC base-case and the batteries only is the same. Marine 
eutrophication is higher for the DSSC base-case. Ecotoxicity and metal depletion are higher for 
battery only system than the DSSC base-case. Human toxicity is only slightly higher for the DSSC 
base-case than for the battery-only system.  
4.3.6 Uncertainty assessment 
 
Given the novelty of this assessment, and the fact that there is no life cycle information available on 
the application of the cell within an indoor system, the level of uncertainty is high in terms of 
parameter, model and choice uncertainties across the study.  
Scenario analysis was one method which was identified as enabling an exploration of the technology 
as a whole and could identify potential areas of importance for further research.  
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4.3.6.1 Scenario analysis - Future technology changes  
 
DSSCs are at relatively early stages of development and, as the technology improves it is important 
to consider how such changes might affect the overall environmental impact compared with the DSSC 
technology as it exists today.  LCA scenario analysis is a particularly valuable tool to explore the 
potential environmental impacts of various development options in the early stages of development 
and commercialisation of a technology. In this study, prospective scenario analyses were used to 
understand the comparative environmental profile of the DSSC battery life extension system vs the 
conventional battery only system in order to inform future potential technology improvements. To 
gain conclusions about the DSSC technology in general, impact from the lithium-ion battery is 
omitted from the scenario analysis which includes an evaluation of the DSSC system only. The 
following scenario areas were considered:  
Electrolyte scenarios 
 
The organometallic halide Perovskite [CH3NH3PbX3 (with X = I, Br)] has been suggested as a 
suitable solid electrolyte to substitute for liquid imidazolium iodide electrolytes. Perovskite crystals 
are synthesised via deposition of lead iodide in dimethylformamide, followed by a methyl ammonium 
iodide solution (He et al. 2014). Succinonitrile (SCN), a white-clear plastic crystalsolid-state material 
can be used alongside lithium iodide and N-methyl-N-buytl pyrrolidinium iodide (Byrne et al. 2013). 
Another suggested modification is the exchange of the iodide redox couple for a cobalt redox 
coupling, using cobalt polypyridyl complexes (Hamann, 2012). 
Sensitizer scenarios 
 
Typically, the sensitiser used is a ruthenium-based organometallic complex. Copper based 
complexes and zinc porphyrins have been suggested as potential alternatives (Bozic-weber et al., 
2012; Campbell et al., 2007), along with fully organic replacements. Organic dyes include coumarin, 
indoline, phthalocyanine as well as conjugated oligo-enes (Hwang et al., 2007).  
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 Counter electrode scenarios 
 
Alternatives to platinum include cobalt sulphide. This is synthesised via chemical bath deposition of 
cobalt chloride and thioacetamide, with water and urea as solvents and stabilising agents (Rao et al., 
2014)(Rao et al. 2014).   
TCO deposition scenarios  
 
The base case technique assumed for TCO deposition is CVD (Pilkington; Gutowski et al 2006). 
However, alternatives are sol-gel deposition (Senthilkumar et al. 2010), spray pyrolysis (Kumara et al. 
2014), sputtering and electron beam evaporation (Sivakumar et al. 2007). Data on energy 
requirements was taken from literature and equipment manufacturers’ specifications.  
Electrical energy mix scenarios  
 
Energy demand is relatively high for the production processes associated with DSSC manufacture 
and the 2013 UK electricity grid mix (approx. 42% natural gas, 32% coal, 18% nuclear and 3% oil) 
was used in the base-case. Hypothetical scenarios for ‘low-carbon’ electricity as 100% GB-based 
hydro, wind or solar power were explored to gain insight on the potential benefits of energy-switching 
strategies. The manufacture of both the solar glass and DSSC in a high percentage renewables using 
country such as Norway was also evaluated. The Norwegian electricity mix is taken from the PE 
database within GaBi 6 (Last updated 2013) which assumes 95% Norwegian hydroelectricity 
composition.  
Each scenario was undertaken by varying only one component. The results (Table 4) show that 
changing materials such as electrolyte, dye and counter electrode with the same cell power-
performance have a minimal effect on environmental impact, only decreasing many  category scores 
by 3% or less. Altering the dye was unfavourable, increased marine eutrophication by 6% in the 
absence of any power performance improvement of the cells.  
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The greatest changes to environmental impact occurred through changing the deposition technique of 
FTO onto the solar glass substrate, and changing the source of electrical energy for both the 
production of the glass and production of the cell itself. Changing to sol-gel and spray pyrolysis 
deposition from the CVD base-case reduced impact by about 50% for climate change, fossil 
depletion, marine eutrophication and terrestrial acidification. The effects of these changes in 
ecotoxicity and freshwater eutrophication were minimal. Conversely, sputtering and electron beam 
evaporation increased environmental impact for almost all impact categories, in several cases 
dramatically (>400%). Electron beam evaporation is energy intensive with equipment operating at 
10kV compared with the lower operating voltages of sputtering and spray pyrolysis. Energy demand 
for sol-gel processing requires only sonication of the sol-gel mix and subsequent calcination in a 
furnace for 2 hours.  
Changing the assumed electricity mix used for the TCO glass production and DSSC assembly from an 
average UK grid mix to 100% renewables gave the greatest environmental impact reductions across 
most impact categories. Wind or hydropower reduced climate change impact by over 94%, fossil 
depletion by over 98%, and marine eutrophication by over 90%. The use of hydropower reduced 
human and ecotoxicity by 97% (table 4, figure 24). Solar power gave similar improvements for 
climate change impact, fossil depletion and marine eutrophication, but increased impact in human 
toxicity, metal depletion, ecotoxicity and freshwater eutrophication.  The increases seen in the metals 
depletion category for solar (and wind) power are due to the quantities of copper and steel used in the 
production of solar cells (based on a mix of 86% Silicon, CdTe, and CIS) and wind-turbines.  
Assuming the use of Norwegian electricity mix (PE dataset, 95% hydroelectricity) for the production 
of the DSSC and the solar glass, there is a -94% reduction in climate change impact and large 
reductions in total impact for all other impact categories – apart from metal depletion. Metal depletion 
impact is increased by 53%.  However, when assuming 100% GB hydroelectricity there is a reduction 
in metal depletion by 16%. The inventory list the input of iron for Norwegian hydroelectricity as 
being 1.5x10-4 kg per 3.6 MJ of electricity generated, for Great Britain hydroelectricity this is 8x10-5 
kg per 3.6 MJ. It is possible this may be the reason for the variation in hydroelectricity metal 
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depletion values; however, without being able to look deeper into the process following impact 
assessment it is difficult to say if this is definitely the case. 
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Table 10. Change (% vs DSSC base case) in LCIA Functional Unit results for materials, process and energy source scenarios 
  Change (%) in impact compared with base-case  
Scenario  
Climate 
change  
[kg CO2-eq] 
Fossil 
depletion  
[kg oil eq] 
Human 
toxicity 
 [kg 1,4-
DBeq] 
Metal 
depletion  
[kg Fe eq] 
Freshwater 
eutrophication 
[kg P eq] 
Marine 
eutrophication 
[kg N-Equiv.] 
Terrestrial 
acidification 
[kg SO2 eq] 
USEtox, 
Ecotoxicity 
[CTUe] 
Varying 
electrolyte 
Perovskite 0 -1 -2 -3 -3 -1 -1 -3 
SCN/LiI 0 0 -2 -3 -2 0 0 -3 
CO polypyridyl 0 -1 -2 -2 -3 0 0 -3 
Varying dye 
Cu dye 0 0 -2 -2 -2 6 0 -3 
Zinc dye 0 0 -2 -2 -2 6 0 -3 
organic dye 0 0 -2 -3 -2 6 0 -3 
Varying 
counter 
electrode 
Co sulphide  
electrode 
0 -1 -2 -2 -2 0 0 -3 
Varying 
deposition 
technique 
Sol-gel -49 -51 -21 -14 -1 -48 -45 -1 
Spray pyrolysis -50 -52 -22 -14 -1 -49 -45 -1 
Sputtering 34 35 15 10 0 33 31 1 
Elec beam evap. 438 455 190 125 5 426 399 12 
Varying 
electricity 
source 
100% wind -94 -98 -37 254 -1 -91 -85 -2 
100% solar -86 -89 54 930 1 -79 -74 8 
100% hydro -95 -100 -97 -16 -72 -96 -99 -97 
Norwegian mix -94 -98 -92 54 -3 -95 -98 -43 
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Figure 25. Percentage change (%) in impact for renewable energy scenarios for cell production vs average UK grid mix for 
DSSC base case Functional Unit 
 
DSSC systems with cells manufactured under scenarios with 100% hydropower or a large proportion 
of hydroelectricity (such as the Norwegian electricity mix) had Climate Change impacts closest to the 
conventional lithium-ion battery (Figure 25). The split scale is used due to the high contribution of 
solar electricity to metal depletion compared with all other impact categories and the other energy 
production types.  Even through the use of 100% renewables the DSSC still has a far higher impact 
than the conventional lithium-ion cell it would be replacing in the system under investigating. 
However, in terms of ecotoxicity impact, the lithium-ion battery performs worst against even the most 
environmentally impacting DSSC scenarios assessed (figure 26). Here a split scale is used because of 
the climate change impact from the lithium-ion battery significantly lower than the other scenarios 
given within the graph. The graph indicates that although the DSSC still has a long way to go in terms 
of it’s climate change impact comparability.  
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Figure 26. Climate Change impact comparison between conventional battery-only system and selected prospective cell 
manufacturing scenarios for Functional Unit of DSSC systems 
 
Figure 27. Ecotoxicity impact comparison between conventional battery-only system and selected cell manufacturing 
scenarios for Functional Unit of DSSC system 
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The scenarios used here give a range of potential technical improvements for the DSSC technology. 
The technology is still in the early stages of commercialisation, with many different variations on 
materials – dye, electrolyte and counter electrode published within literature. There are also a number 
of more speculative options for FTO deposition and energy source.  
Figure 27 shows that by comparing ecotoxicity impact as opposed to climate change (figure 26) 
impact is lower than the lithium ion battery for the base-case scenario, along with the scenario using 
sputter deposition in solar glass production and electron beam deposition in solar glass production.  
 Overall, changing the electricity source to renewable energy made the greatest difference to overall 
impact; indicating that total environmental impact could be best reduced through the use of renewable 
energy sources or production in a country with a high percentage of renewables use such as Norway. 
These scenarios did not account for transportation between countries, which could add extra impacts 
if cells are used across Europe.  
The purpose of the study is to serve as an initial exploration using a scenario approach aimed at 
directing future study into the DSSC technology for indoor applications. As there are no studies which 
consider DSSCs for indoor use at present, there is a reasonable level of uncertainty associated with 
data used – based on surrogate inventory values and high levels of assumption. Where possible this 
was reduced through engagement with experts and literature review. Further work is needed to be able 
to construct a full qualitative life cycle assessment of the technology.  
 
4.3.7 Discussion 
 
This study presents a scoping level life cycle assessment of a DSSC for use indoors, harvesting light 
energy to increase the life of a lithium-ion battery so that it does not need as regular replacement.  
This may be advantageous in large buildings looking to reduce the cost of facilities management.  
The purpose of this LCA is to investigate how uncertainty assessment can be used to communicate 
uncertainties about the future pathways for a technology. The environmental profile of the currently 
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configured DSSC-powered system assumed in this study did not compare well against the 
conventional battery-only benchmark, due to cell performance (high cm2 area of cells needed) and 
high energy demand for FTO deposition during solar glass production and the production electricity 
required for the DSSC itself. Uncertainty relating to the modelling of cell performance, along with 
uncertainties relating to data and the modelling of inventory inputs within the LCA make it difficult to 
draw strong conclusions from any comparison with a battery-only system. The study does indicate 
though that at present levels of performance and production process there is no overall environmental 
advantage to using a DSSC system for indoor light harvesting. At present, customers purchasing the 
product modelled in this study hoping to reduce their environmental impact are not likely to be doing 
so, and without further efforts to improve performance and reduce energy use this product is unlikely 
to be a viable alternative to conventional batteries.  
Potential changes to a number of materials aspects or coating technologies (at unchanged DSSC 
power outputs) provided very little improvement to the environmental competitiveness of the DSSC-
powered system vs the conventional battery-only system and, in some cases, were worse than the 
base-case DSSCs. However, explorative LCA scenario analyses shows that the use of certain 
renewable energy sources for DSSC’s TCO deposition onto solar glass and the cell manufacture 
processes would enable the DSSC-powered system to become far closer in environmental impact to 
the battery-powered benchmark in Climate Change impact. As an example of practical delivery of this 
potential in the DSSC system, grid electricity supplies in Sweden or Norway would allow DSSC-
powered systems manufactured or part-manufactured there to achieve climate change impacts far 
closer to the battery-powered benchmark. 
Where climate change impact may not yet be comparable with the battery only system, scenario 
analysis shows that for even the worst overall environmentally performing DSSC systems, these still 
have a lower ecotoxicity impact than the lithium-ion battery. It is therefore important scenarios are 
evaluated across a range of impact category areas so as to understand the full potential impact of the 
technology in this early stage of development. Life cycle improvement opportunities and synergies in 
DSSC manufacture such as those revealed here through scenario evaluation indicate that it is feasible 
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for DSSC-powered systems to become competitive in environmental terms when considering several 
impact categories with the conventional non-renewable battery-only system for such indoor 
applications. 
4.4 Chapter Summary 
 
In recognising the importance of uncertainty assessment in emerging materials LCA, consideration 
should be given to the level of uncertainty within the system, and subsequent ability of uncertainty 
assessment tools to effectively represent it. In this chapter a number of different tools were applied to 
two emerging materials cases – carbon nanotube enhanced carbon fibre reinforced polymer 
composites, and dye-sensitised solar cells. It was shown that assessment methods such as sensitivity 
analysis worked well as a screening tool for where there is enough data to establish a range in possible 
parameter values. Scenario analysis gave the best overall representation for parameter and model 
uncertainty, and the DSSC study exemplified how scenarios can be used to evaluate future technology 
changes in an effort to establish comparability with existing products.  
Methods for uncertainty assessment which required uncertainty distributions for data or derived 
distributions from qualitative data quality review did not solve communication or management issues 
coming from high levels of parameter and model uncertainty. Pedigree matrix methods were 
dominated by the basic uncertainty factor due to similar levels of uncertainty for all input and 
emissions data. The use of life cycle based risk assessment alongside LCA could be a useful method 
in bridging the knowledge gap whilst impact assessment factors are reviewed or developed for 
emerging materials such as nanomaterials. Expert engagement was also a relevant mechanism for 
assessing uncertainties and developing a fuller understanding of life cycle aspects. For cases where 
uncertainty is particularly high scenario analysis meant uncertainties about future development 
aspects for the technology could be identified.  
Based on the two case studies used here it is clear that where there are very high levels of uncertainty 
present not all methods for communicating that uncertainty are most appropriate to use. The case 
studies have shown that scenario analysis, screening sensitivity analysis and informal expert 
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engagement worked well in communicating uncertainty. Scenario analysis enabled the user to 
demonstrate the effects of any research and development or process changes. Sensitivity analysis 
allowed for upper and lower literature values to be explored so that their effect on the overall results 
could be determined. Finally, given the high levels of uncertainty associated with modelling emerging 
materials production and the lack of industrially relevant data, discussion with experts contributed to 
reducing some of this uncertainty. The pedigree matrix method and subsequent Monte Carlo 
simulations did not enable the user to understanding the uncertainty within the system under 
investigation. This was therefore found to be less appropriate to use in systems where there is such 
high uncertainty.  
In order to improve certainty within emerging materials systems such as these it is vital that more 
industrially relevant data is made available to the LCA community. It is also key, particularly with 
respect to nanomaterials, that improvements are made in fate and exposure modelling so that relevant 
characterisation factors can be determined (if required). There has already been work published by X 
in developing relevant characterisation models for CNTs, with continual refinement required to take 
into account all commonly used variations of nanomaterial.  
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5 Future role of LCA in industry 
decision-making on emerging 
materials 
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5.1 Introduction 
 
The previous chapters addressed the role of a comparative life cycle perspective on emerging material 
decision-making and reviewed some of the challenges faced given the high levels of uncertainty 
associated with emerging materials LCA. This chapter looks at the use of LCA as a tool for industrial 
decision-making on emerging materials, and whether the current methodology is appropriate to make 
decisions about new/replacement materials.  
LCA as a tool to enable decision-making within an organisation should allow companies to assess 
environmental impact in a way that is relevant. As new concepts develop or needs change, LCA-based 
product declaration tools must be developed considering the needs of both the environment and 
business community in terms of decision-making. This is in order to get the most out of the resource-
intensive exercise in obtaining the information required, and ensure LCA has a role in company 
decision-making for years to come.  
Product declarations are often used for green procurement activity, environmental management, 
business-to-business communication and business –to-consumer communication (Envirodec). The 
following case study evaluates the relevance of current LCA techniques towards decision-making on 
future materials to replace indium-based touch screens. The future of indium in electronics is under 
evaluation given its price instability and relative brittleness compared with other materials. 
Alternatives to indium tin oxides (ITO) used currently include silver nanowires, conductive polymers 
and carbon nanomaterials.  
Using industry engagement across the electronics sector this study reviews the role LCA has in future 
decision-making and looks to suggest changes to the current methods used in the EPD or the PEF 
product declarations to ensure they remain relevant to business, investors and other stakeholders for 
decision-making.  
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5.2 Indium replacement in electronic touch screens 
 
5.2.1 Background 
 
5.2.1.1 ITO and ITO-free touch screens 
 
The touchscreen industry is growing rapidly, with the touch panel function found on an increasing 
number of devices from mobile phones, tablet PCs and laptops to a variety of display systems. The 
market within electronic consumer goods has been driven by the popularity of the iPhone, and the 
introduction of Windows 8. Touch screens contain a transparent conductive material which is 
activated by a touch input. The thin film material is optically transparent and electrically conductive.  
There are a number of different types of touch screen technology. One uses a transparent conductive 
material; the other technology (multi-touch infrared, surface acoustic wave etc.) does not. Those 
which require a transparent conductor measure changes in capacitance, current and voltage; however, 
those which do not measure ultrasonic wave amplitude, absence or reduction of light or force.   
Projected capacitance technology which requires a patterned transparent conductor is one of the 
largest growing markets, used for Apple IOS and Google Android mobile devices. Projected 
capacitance works as a conductive stylus or finger approaches an electrode it disturbs the 
electromagnetic field and alters the capacitance. This change in capacitance can be converted into 
X,Y locations, the system then uses this to detect  touch. Projected capacitive technology allows for 
multi and light (zero force) touch and also enables trends towards a reduced bezel (side connectors at 
the edges of the screen). A disadvantage is high cost which is down to the sensor and transparent 
conductive material currently used. (Ghaffarzardeh, 2014; G. Walker, 2013) 
The most commonly used transparent conductive material is indium-tin-oxide (ITO). This is 
composed of roughly 90% indium oxide (In2O3) and 10% tin oxide (SnO2). It is used due to its 
electrical conductivity and optical transparency. Research into the development of alternatives to ITO 
has been discussed in photovoltaics literature for several years and with the surge in demand for touch 
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screen technology, research into alternatives to ITO has been extended into the touch screen 
electronics market.  
There are a number of reasons to replace ITO. A commonly given reason is the price and scarcity of 
indium, which is a rare earth metal. Indium is too rare to be mined exclusively, and is commonly a by-
product of zinc mining, and to a lesser extent the mining of tin and copper. Ninety-percent of the 
indium obtained from the ores of zinc, tin and copper is used to make ITO.  Once indium has been 
obtained from zinc, tin or copper ores it needs to be refined, with China having the largest refinery 
capacity for indium in the world. Analysis of supply risk shows refinery production to present a far 
greater risk than the supply of indium from zinc reserves, due to the dominance of China in the 
refinery market and limited worldwide smelter capacity. This has stimulated the market for recycled 
indium, which in 2012 exceeded primary production. Whilst indium is indeed a scarce and expensive 
metal, the market for indium is complicated by an increasing market for recycled indium and Asia’s 
dominance as not only a producer of indium but as a user of ITO to manufacture electronic goods. 
Companies such as Fujitsu invested in research into conductive polymers as an alternative to ITO 
when the indium price reached its peak in 2005/2006 but as soon as the price of indium fell they went 
straight back to using ITO. Major producers of ITO have made plans to double their capacity as a 
response to alternatives (Ghaffarzardeh, 2014; G. Walker, 2013). 
Another reason to replace ITO is its performance as a material; moreover, the changing demands on 
performance as electronic products evolve. The increased demand for larger screens and more flexible 
screens does not suit ITO as it is a fairly brittle and inflexible material. ITO’s brittleness makes it far 
more expensive to manufacture larger touchscreens using ITO as a transparent conductor. Where new 
chemically toughened glass (such as Coring’s Gorilla Glass used by companies such as Samsung, LG, 
HTC, Motorola and Microsoft) has in part solved some of the issues with ITO brittleness causing 
screens to fracture, it is far from ideal in the larger touch screen or flexible electronics market.  
ITO requires high temperature processing for the deposition of a thin film of material (1000-3000Å) 
onto a glass or PET substrate.  This is generally performed through a physical vapour deposition 
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process such as sputtering. Sputtering works by creating a gaseous plasma where ions from the 
plasma are accelerated into an ITO target, this displaces atoms on the target surface which then travel 
and coat the glass or PET substrate.  Alternative deposition techniques which require processing at a 
much lower temperature include roll-to-roll and inkjet printing processes. (G. Walker, 2013) 
In conclusion, there are many reasons why ITO could be replaced as a transparent conductor in touch 
screens. Industry analysis shows that although cost and supply security is a factor, this alone would 
not lead to the replacement of ITO with alternative materials. It is much more likely that shifts in 
materials performance requirements coupled with the desire for cheaper processing costs will drive 
the search for alternatives to ITO.  
There are a number of technologies which have been suggested as potential substitutes to ITO. 
Industry analysis has shown the uptake of tablet and notebook computers has not been as fast as 
expected during 2013/14, with industry having invested heavily in ITO-based technology 
(Ghaffarzardeh, 2014). This means that ITO is likely to be around for a while longer as companies 
look to see a return on their investments, with technologies which can offer a significant advantage in 
terms of materials performance and ease of processing likely to increase their market share slowly 
over the next few years. Current market experts predict metal mesh and silver nanowires to be the 
front running alternatives to ITO, with graphene, PEDOT and CNTs taking a smaller niche market 
share.  
 Silver Nanowires 
This involves coating a substrate with silver nanoparticles and then heating the substrate to melt the 
particles and connect them together in a circuit. Silver offers a very low sheet resistance when 
compared with ITO, theoretically increasing performance. It also offers good mechanical flexibility 
and can be printed and processed at lower temperatures than ITO. (G. Walker, 2013) 
Silver nanowires do present issues with silver migration, as well as the cost of silver. However, this is 
still a low percentage of total bill of materials costs.  
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 Carbon Nanotubes (CNTs)  
Carbon nanotubes have the advantage of high mechanical flexibility and fairly moderate sheet 
resistance (however not as low as silver nanowires). CNTs have achieved good optical transmittance 
and low haze; however, are still in the early stages of commercialisation and require more research to 
progress lab-scale properties to the larger industrial scale. Interest in CNTs as an alternative 
transparent conductive material is lagging behind other carbon nanomaterials such as graphene. 
(Maxim & Van de Sluijs, 2007; G. Walker, 2013) 
 Graphene 
 Graphene has a low to moderate sheet resistance and high mechanical robustness. A major drawback 
is its relative immaturity as a technology – graphene is not as well understood as silver or ITO (G. 
Walker, 2013). Despite this major electronics companies have invested in graphene research, with 
Sony publishing a research paper citing the roll-to-roll production of a 100m long transparent 
conductive graphene film (Kobayashi et al., 2013).  
 Conductive polymers 
This is generally PEDOT (poly(3,4-ethylenedioxythiophene). PEDOT has a moderate to low sheet 
resistance and good mechanical flexibility; however it is unstable in UV light and is not as conductive 
as some of the other competing technologies. The technology was taken up by Fujitsu, who produced 
the thin film through roll-to-roll processing, but when the price of indium fell they went back to using 
ITO. (G. Walker, 2013) 
 Metal mesh (printed and etched) 
The printing of metal mesh is a relatively low cost process, and meshes generally have a very low 
sheet resistance and high conductivity. Printing has a major drawback in the fact that the metal tracks 
can be see with the naked eye, and there is a difficulty in obtaining a very fine resolution (less than 
5µm). Etching via microlithography is at a higher cost than printing, but the resolution achieved is 
much better. (G. Walker, 2013) 
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5.2.1.2 Environmental implications of indium use 
 
Indium in electronics is not only found in touch screens, but as a Pb solder replacement, as InP in 
semiconductors, as ITO in flat panel displays (LCD screens). The growing use of indium in 
electronics has prompted studies into the risks posed for workers in production plants, formal 
recycling facilities, and informal e-waste processing sites (Balan et al., 2012).  
 
The majority of indium is located in the LCD screen as ITO sintered material which consists of 
approximately 90% indium oxide and 10% tin oxide (Balan et al., 2012; Cummings, Suarthana, Day, 
& Kreiss, 2012). A typical 15-inch LCD display will contain 0.5g ITO (M. L. Socolof, Overly, 
Kincaid, & Geibig, 2001).  
 
Occupational exposure to ITO has been linked with lung disease (Balan et al., 2012; Lison et al., 
2009). Several studies have looked at worker exposure to indium compounds, and found exposure to 
indium or sintered ITO (where tin oxide is added into the indium oxide crystal structure) is likely to 
lead to the greatest risk of lung disease (Balan et al., 2012). Liu et al (2012) found out of workers in 
two ITO manufacturing plants in Taiwan 49 of 170 tested had serum indium levels above 
occupational exposure limits set by the Japanese Society for Occupational Health (Balan et al., 2012; 
Liu, Chen, Chen, Lee, & Chen, 2012).  
 
There are no studies on the effects of informal/unregulated e-waste recycling, however, mechanical 
grinding or acid leaching of ITO glass to release ITO could lead to emissions of ITO into the 
environment and into the air. Given that indium may face supply issues, it is likely indium will 
become a valuable resource in future e-waste. The mobility of indium compounds in soil and aquatic 
environments is low, and most studies so far on release of indium at unregulated-waste processing 
sites have found levels of indium only at very low levels (Balan et al., 2012; Greenpeace, 2005).  
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Overall, a study by Balan et al (2012) study found indium in e-waste is a growing concern, particular 
if ITO in glass is released into the air. The study recommends take-back programmes for ITO glass 
from informal e-waste sites to minimise the amount of ITO which is released into the air which could 
lead to lung disease (Balan et al., 2012).  
 
5.3 Product decision-making in the electronics industry 
 
It is important that LCA activity reflects the needs of business in product decision-making if it is to 
remain relevant as an assessment tool. This is particularly in reference to product-based declaration 
mechanisms such as the EPD or recent PEF.  
Engagement with industry is performed via two different survey methods: Questionnaire and 
interview. The general questionnaire was sent out to stakeholders across the electronics sector who 
did not necessarily have any engagement with the environment or sustainability.  The purpose of this 
questionnaire was to gauge common areas of interest when making a product related decision in 
business. Following on from this the interview research with several companies already engaged in 
the sustainability and life cycle thinking agenda, helped to understand the needs of product 
environmental assessment going into the future.  
5.3.1 Questionnaire  
 
5.3.1.1 Methodology 
 
The aim of the initial questionnaire is to understand what the key factors are which affect product 
decision-making in the industry. Eleven factors were suggested to participants who were asked to rank 
what they believed to be the top five most important. Factors suggested to be important to product 
decision-making were derived from a number of different sources. Literature research on the drivers 
for companies initiating LCA was used (Frankl & Rubik, 1998; Nygren & Antikainen, 2010), along 
with engagement with academic experts who work regularly with industry, and the touch screen 
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industry itself through informal conversation at an electronics sector trade show in the UK. The 11 
drivers generated in alphabetical order were: 
 Brand reputation 
 Circular economy 
 Compliance 
 Customer demand 
 Energy costs 
 Health and safety of materials 
 Manufacturability of materials 
 Material costs 
 Product performance 
 Speed of production 
 Supply chain risk 
The questionnaire was sent to participants from a wide range of departments within electronics sector 
organisations. Given the broad range of participants, the questionnaire titled ‘Relevance of 
environmental sustainability assessments in the electronics sector’ and was introduced as a survey to 
obtain views on product related decision-making. No other information was given to avoid affecting 
or swaying responses. The questionnaire was sent out to contacts from the Centre of Environmental 
Strategy, University of Surrey, working in the electronics industry, and contacts from the Electronic 
Interconnects database of contacts at the National Physical Laboratory.  
A screenshot of the questionnaire format is given below in figure 28. 
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Figure 28. NPL survey format 
The questionnaire asked participants to select their top 5 factors (ranking them 1 to 5, 1 = most 
important) for the current situation and for the situation in 5 years’ time. Respondents were asked to 
give their reasoning for their top choice and to also state if there were other variables they felt were 
also important to consider. Care was given to ensure the questionnaire was not too long or included 
too much text for participants to read through.  
Limitations of this survey questionnaire were that the format required a prescriptive set of factors to 
be determined in order for participants to rank them. This is so that an element of statistical analysis 
could be performed on the results. To allow for some unstructured feedback, free text boxes enabled 
participants to comment on other aspects they felt were important. Alternatives to a survey could have 
been to conduct a focus group where participants were asked to discuss topics in a less structured 
way. The survey method was chosen it was believed to be the best method to achieving an 
understanding across the whole electronics industry of what the important factors are for decision-
making. This in itself added a degree of uncertainty over the type of organisations answering the 
survey. Because the survey was sent to a broad range of participants from all areas of the electronics 
supply chain it may have not captured all end-producer organisations fundamental to research and 
development decision-making.  
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5.3.1.2 Questionnaire results 
 
The questionnaire had 24 respondents from manufacturers of electronic components (26.3%), 
consumer electronics (21.1%), and scientific research and development (15.8%) other participants 
were from: computer and peripheral equipment manufacture; manufacturers of instruments for testing, 
measuring and navigation; manufacture of electric motors, generators, transformers and electricity 
distribution and controls apparatus; manufacture of wiring and wiring devices; manufacture of other 
electrical equipment; telecommunications; and computer programming and consultancy. Respondents 
ranged from senior management to sales, quality assurance and engineering.  
Most commonly occurring factors in the top 5 at present time were product performance followed by 
customer demand, then health and safety and materials costs. Customer demand was the most 
commonly occurring top rated factor.  
Most commonly occurring factors in the top 5 in 5 years’ time were health and safety of materials and 
product performance followed by customer demand. Customer demand was again the mostly 
commonly occurring top rated factor.  
Respondents were encouraged to explain their reasoning for their top choice. Responses included: 
‘Anything other than pleasing the customer is destined to be short term’ 
‘Customer is always driving the business’ 
‘The competitive nature of electronics industry drive companies to deliver what the customers want’ 
‘Product performance is everything’ 
‘I think that product performance will still reign supreme in 5 years’ time. This is because improved 
material properties, better manufacturing processes and new technologies will in turn shape peoples 
expectation of performance. However, I think that there is also a trend towards better use of energy 
and materials resources. If existing brands do not adapt to this trend then I would expect that brand-
inspired purchasing decisions will decline in importance’.  
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‘In 5 years’ time, more and more countries shall harmonize their legislations and circular economy 
and compliance shall gain importance all over the planet’ 
Respondents were also asked to other important factors in product decision-making not listed. 
Responses included: 
‘The future may be influenced by: 1) stricter regulatory requirements (e.g WEEE) 2) geopolitical 
event in China may cause supply chain concerns 3) 3D printing will have an impact (though it is not 
possible to predict how’ 
‘Energy costs will become increasingly important, but probably not making it into the top 5 as without 
those top five we can’t do business in the first place’ 
‘Environmental impact’ 
Overall, the questionnaire highlighted areas of importance to the electronics sector, but a larger 
sample would allow a more accurate view of factors deemed to be of highest priority within the 
industry. It is however, unlikely the ‘customer demand’ driver will change in dominance over other 
factors.  
To understand in more depth some of the challenges and trends in current product environmental 
assessment within the electronics industry, interviews were conducted with companies who are 
engaged in sustainability initiatives including evaluating the life cycle environmental and social 
impacts of their products.  
5.3.2 Case-study interviews 
 
Case study interview were conducted with two different companies. Both companies produce and sell 
consumer electronics with touch screens, one is a smart phone provider the other produces laptops, 
PCs and tablet computers.  
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Fairphone 
Fairphone started 4 years ago as an NGO looking to raise awareness of the conflict minerals situation 
in Africa. They chose to do this by producing a smart phone, giving them a tangible artefact to use in 
campaigning for more socially responsible supply chain management in the electronics industry. By 
getting involved in the smart phone industry itself, they have gained access to its supply chain placing 
them in a direct position to campaign for change. Fairphone’s five action areas are: 1) Precious 
Materials: responsible and transparent sourcing of minerals and metals. 2) Made with Care: workers’ 
empowerment and improved working conditions. 3) Smart Design: open, responsible design. 4) Clear 
Deals: fair pricing and financial transparency 5) Lasting Value: address the full life span, including 
use, reuse and recycling.  
Hewlett Packard (HP) 
HP is an American multinational IT company which provides hardware, software and services to 
consumers and businesses. HP has a strong commitment towards corporate social responsibility and 
the environment, and it’s Living Progress business model aims to simultaneously drive human, 
economic and environmental progress. HP are engaged in social issues such as human rights and 
supply chain responsibility, carbon and water footprinting, end-of-life take-back programmes, and are 
working to reduce greenhouse gas emissions across their supply chain. HP use LCA for both: desktop, 
laptop, and tablet computer business areas; and printers.   
5.3.2.1 Case-study methodology 
 
The interview was semi-structured in nature with two major themes: Environmental aspects in top-
down strategy; and the use of LCA-type information in decision-making. This allowed for a structured 
approach towards the type of information gained from each organisation, with enough flexibility to 
allow for differing view, approaches and engagement levels with participants towards LCA.  The aim 
of the interview was to gain an idea of key environmental impact areas for the organisation (global 
warming potential, water footprints, human toxicity, environmental toxicity etc), what aspects might 
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be important in the future, and how does evaluation of environmental impacts connect to product 
decision-making currently.  
In selecting case study organisations care was taken to use two different types of organisation in their 
approach to the electronics business, and any particular business or personal agendas were taken into 
account through the semi-structured themes of questioning. A greater number of case-study 
participants or participants from different areas within each organisation would have also reduced 
further the risk of any particular personal agenda coming through in the questioning.  
 
5.3.2.2 Case-study results 
 
Participants highlighted environmental focus areas from a life cycle perspective as being carbon 
footprinting, energy and water use. In LCA other aspects such as environmental or human toxicity 
were found to be harder to quantify in a way which is meaningful to organisational product decision-
making. Hazard assessment approaches such as the GreenScreen® chemical assessment tool were 
used instead by HP. Overall, across the supply chain information on energy use and GHG emissions 
were far easier to obtain than specific life cycle information on material inputs and waste.  
All participants felt circular economy (CE) principles were becoming increasingly popular in product 
environmental assessments, and this was something all participants felt their companies were keen to 
apply going into the future.  
It was stated that current challenges in applying CE principles include the disconnection between a 
drive towards CE and current market trends. Currently popularity for thinner phones and tablets leads 
to more integration of electronic componentry making disassembly more difficult – this runs against 
the principles of disassembly and reuse in CE.  
5.3.3 Conclusions from industry engagement 
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Through engaging with industry it was found that customer demand and product performance were 
rated as very important to general product decision-making. For more specific environmental product 
considerations the interviews highlighted the use of carbon and water footprinting along with energy 
use as key areas LCA methods are applied to. Human and environmental impacts were found to be 
more challenging to effectively represent in a business environment through LCA, and HP favoured 
the use of tools such as GreenScreen® (a chemical assessment tool) instead. Moving forward, circular 
economy principles were seen as a growing area of interest (this is also reflected by the current British 
Standards Institute (BSI) activity on resource management and the circular economy (BSI, 2014)) 
Accurately representing achievable product performance is challenging for emerging materials. Often 
little is known about a material’s actual performance within a real product system, as assertions on 
performance are often made based on the levels achieved in laboratory conditions. Despite this 
performance should be a key consideration and an area for discussion in any prospective assessment 
of a new or emerging technology. 
Based on stakeholder engagement this suggests that future life cycle approaches to product evaluation 
may remain relevant to business by moving from a static full LCA-type approach, to one which 
incorporates material performance and customer demand scenarios, alongside a more limited set of 
LCA categories – in this case energy, GHG emissions and water use.    
 
5.4 Developing a business relevant life cycle approach for emerging 
materials 
 
As life cycle assessment approaches are increasingly used to evaluate product environmental 
performance, it is important that they are useful in an industry context. From engaging with industry 
through survey research it has highlighted some of the challenges in applying LCA in a business 
context and what some of the future trends might be. To evaluate how some of these outcomes might 
be used to improve the business relevance of product LCA in the future a case study is conducted. The 
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case study focuses on the future potential replacement of ITO as a transparent conductive material 
used in electronic device touch screens.  
 
In this study, alternatives to ITO – conductive polymer PEDOT:PSS, carbon nanotubes (CNTs), 
graphene, silver nanowires and copper grid, are evaluated as to their potential benefits over ITO. Due 
to the novelty of the assessment the case study is conducted as a high level life cycle implications 
review. They are evaluated on the basis of environmental information, health and safety data and 
product performance. Discussion is also given as to how more dynamic aspects such as customer 
demand and the circular economy might be included in comparative life cycle evaluation. 
 
The study aims to draw together some of the findings from industry into a life cycle based product 
assessment approach.  
 
5.4.1 Methods  
5.4.1.1 Goal and Scope of study 
 
The scoping LCA case-study on ITO replacement transparent conductive (TC) materials for touch 
screens was carried out based on the findings from the previous section. The study focuses on 
alternatives to current ITO transparent conductor material for touch screens. It therefore does not 
include emerging display technologies such as OLEDs or AMOLED. Climate change impacts were 
considered for primary material production and for processing energy during manufacture. Acute 
toxicity and exposure limits were used to represent they type of information gained from performing a 
full GreenScreen ® hazard assessment for each material. Sheet resistivity and transparency have been 
identified from literature as key properties to touch screen performance. The cost of material (€) was 
also considered, this was taken from Emmott et al (2012).  
Climate change potential (kgCO2-eq) and energy use is given based on 1m
2 deposited material onto a 
substrate surface for integration into a touch screen device. Water use is given for the material only 
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due to lack of information on water use during the deposition and etch process. It is assumed that each 
material meets the minimum property requirements for touch screen operation, and that integration of 
the TC substrate into the touch screen device is the same as for current ITO used and for each 
alternative material. It is fair to expect that industry would look to integrate new material use into 
current operating processes as closely as possible. The system boundary for the study is given in 
figure 33. 
 
Figure 29. Case-study system boundary 
End-of-life is considered qualitatively. It is assumed there is no environmental impact from the TC 
materials themselves during the use phase as they are encapsulated within the glass touch screen. The 
system was modelled using SimaPro within electricity information taken from the Ecoinvent database. 
Climate change potential (ReCiPe (H) midpoint) values (kgCO2-eq) are interchangeable with global 
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warming potential. Due to lack of data on process related water use, water is considered only for the 
production of the raw material itself. 
  
5.4.1.2 Material production 
 
Data on embodied energy for the materials under investigation, along with the amounts of materials 
required was taken from Emmott et al (2012). The embodied energy for graphene is not given in this 
study, therefore a similar value to the embodied energy of carbon nanotubes produced by CVD was 
assumed. This can be due to assuming graphene production is also via CVD as has been demonstrated 
through a roll-to-roll process by Kobayashi et al (2013). Deposition of the TC material is assumed to 
be via a roll-to-roll printing process and patterning is assumed to be carried out via a laser ablation 
process (based on communication with TC patterning company) (Ag nanowire), or a solution etching 
process (PEDOT:PSS, CNTs, graphene, copper mesh). ITO is assumed to be deposited through 
sputtering and then patterned  (Espinosa, Garcia-Valverde, Urbina, & Krebs, 2011). Electrical energy 
values for the roll-to-roll print process are taken from Dupont (DuPont, 2015).  
Embodied energy (MJ EPE/m2) for each material is taken from Emmott et al. 2011 (Emmott, Urbina, 
& Krebs, 2012).  
Information on acute toxicity and exposure limits is taken from chemical data sheet information and 
literature review. 
5.4.2 Results 
5.4.2.1 Environmental impact and performance 
 
Environmental impact areas identified as important using LCA were energy use, water use and carbon 
emissions. These aspects relate to energy use (MJ), water depletion and global warming or climate 
change impact in life cycle impact assessment.  The ReCiPe midpoint (H) method was used for this 
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information. Figure 34 shows the full set of potential impact categories which could be used from 
ReCiPe, narrowing them down to the three most important for decision-making and reporting. 
Human risk assessment aspects were evaluated outside of typical LCA impact categories. Risk 
assessment aspects represented were acute toxicity through LD50 values and occupational health 
limits. Material performance is represented through sheet resistance (ohm/sqr) and transparency (%).  
Through combining risk assessment, life cycle assessment and an assessment of product performance 
it should be far easier to see, based on key decision-making criteria, which technology in the short 
term/at the present time demonstrates the lowest risk to the industry.  
 
 
Figure 30. Streamlining of ReCiPe Midpoint impact factors 
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Overall for silver nanowires 96% of energy use comes from the embodied energy in producing the 
material, this is the same for graphene and CNTs (embodied energy for CNTs and graphene includes 
the embodied energy for the carbon source along with the energy required for the CVD process).  
For the PEDOT conductive polymer 70% of total energy use comes from material embodied energy. 
The lowest contribution from the embodied energy of material comes from copper wire production 
which is equal to 5% of the total energy required to produce the material, pattern and etch it for use as 
a conductive touch screen material.   
It can be seen from table 9 that the lowest levels of energy use and climate change impact come from 
using the copper grid and the conductive polymer PEDOT:PSS. Compared with current ITO TCs all 
other alternative conductive materials are lower in energy use and climate change impact. Gains made 
in these areas are then offset by the current high cost (€) of CNT and graphene materials.  
 172 
 
Table 11. Climate change, toxicity, and performance values for ITO alternatives 
 
 
Energy use (MJ)
Water use (m
3
/g) 
(material only) Material Cost (€)
Climate change 
potential (kgCO2-eq)
Acute LD50 
(mg/kg)
Occupational 
limits
Sheet resistance 
(ohms/sqr)
Transparency 
(%)
ITO 111 0.1 66 22.4
396 (oral, 
mouse)
TLV= 0.1 
mg/m3, PEL= 
0.1 mg/m3
60 79
PEDOT:PSS 9 - 1.25 1.53
300 (oral, 
mouse)
no values found 63 67
Ag nanowire 56 0.1 18 10.7
100 (oral, 
mouse)
PEL= 0.01 
mg/m3
8 80
CNTs 62
5 (including CVD 
process)
340 11.6
1000-2000 
(oral, mice)
OEL = 
0.0025mg/m3
40 80
Graphene 62 - ~ 200 11.6
2000 (oral, 
rat)
(synthetic 
graphite) PEL = 
0.005mg/m3
30 70
Copper grid 2.16 0.07 41 0.411
(micro Cu 
metal) >5,000, 
(nano Cu 
metal) 413 
TLV = 0.2 
mg/m3 PEL = 
0.1 mg/m3
10 85
Identified areas of interest for business
Energy, Water, Cost, Carbon Health and Safety Materials performance
*LD
50 
is a standard measure for acute toxicity giving the number of milligrams per kilogram body weight required to kill 50% of a population of test 
animals (rat, mouse etc.). Route of exposure is also given (oral, inhalation, dermal etc.). TLV = Threshold Limit Value, is the limit at which daily 
exposure does not cause adverse health effects. PEL = Permissible Exposure Limit, is the legal limit for worker exposure in the United States. OEL = 
Occupational Exposure Limit, is the upper limit on concentration of a substance in workplace air 
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For each material, very few Materials Safety Data Sheets (MSDS) found online listed acute 
toxicology or occupational exposure limit information. The information given in table 5 is a mixture 
of MSDS information, academic literature and government reports. This is the reason for the mixture 
of TLV (American Conference of Governmental Industrial Hygienists, ACGIH) values, PEL (United 
States Occupational Safety and Health Administration, OSHA) values, and OEL (European 
Occupational Exposure Limit) values for occupational exposure. No Consistent occupational exposure 
values could be found for all materials under evaluation. LD50 values represent acute hazard 
assessment for limited number of pathways (oral only). Numbers for LD50 do not reflect chronic 
prolonged exposure or pathways such as dermal or inhalation. This means that for fibrous particles 
such as CNTs and graphene they could have much lower LD50 values for inhalation. Inhalation is dealt 
with through exposure limit values.  
Under the Global Harmonised System for Classification and Labelling of Chemicals (GHS) chemicals 
are classified in the following way: Category 1 = LD50 ≤ 5mg/kg, Category 2 = LD50 > 5mg/kg ≤ 
50mg/kg, Category 3 = LD50 > 50mg/kg ≤ 300mg/kg, Category 4= LD50 > 300mg/kg ≤ 2000mg/kg, 
Category 5 = LD50 > 2000mg/kg ≤ 5000mg/kg, no classification >5000mg/kg. Based on these 
classifications, for oral toxicity only silver nanowires are classified as toxic, all other materials can be 
considered as harmful or non-toxic. Limits on occupational exposure indicate inhalation risks - the 
OEL and PEL values for CNTs and graphene are low (Cheaptubes, 2015; NIOSH, 2013) (denoting a 
higher level of risk at low exposure levels) in comparison to copper and ITO. Silver is the next lowest 
value with a PEL of 0.01 mg/m3 (CDC, 2015). An evaluation of nanosilver carried out using the 
GreenScreen® tool determined nanosilver to high acute inhalation toxicity, be highly persistent in the 
environment and have high aquatic toxicity placing it as having a BM (benchmark) 1 score (the 
highest benchmark score). This score relates to ‘action points’, where the action at BM1 is to avoid 
use and phase substance out. (NSF Sustainability; Sass & Heine, 2013).  
Overall, from evaluating climate change impact, toxicity, and materials performance it is clear the 
copper metal grid is the most favourable option based on the criteria given in table 10. It performs 
best for energy use, climate change impact, water use, acute toxicity (micro form rather than nano), 
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occupational exposure risk and transparency. It is one of the best performing in terms of sheet 
resistance.  Between the other options and ITO it is not clear what the next best alternative is. Where 
silver nanowires have advantageous materials properties and reduced climate change impact they 
have a high toxicity. The conductive polymer PEDOT has a lower climate change potential than ITO 
and a lower toxicity (although no exposure evaluation could be found) but it has less desirable 
performance values. CNTs and graphene have good performance values, reduced climate change 
impact, lower values for acute oral toxicity, but high limits on occupational exposure and face strong 
concerns over inhalation toxicity.  
Use phase and end-of-life evaluation 
During the use phase of the screen the TC material is encapsulated between sheets of glass. There is 
no significant risk of release into the environment during this stage. All other impacts during use 
phase relate to the associated energy use impacts from the device itself which are not covered within 
the scope of this study. Risk of release and environmental impact comes from end-of-life processing – 
particularly the mechanical grinding of glass from e-waste to recover either the glass or the metal 
contained within it. 
Global e-waste has reached 41.8 million tonnes in 2014 (University, 2014). Of this 6.3 million tonnes 
were electronic screens of some sort. Increasingly these are LCD screens (containing ITO) and 
increasingly they will be screens with touch technology. At present there is more ITO used to form 
the LCD screen than is needed for touch capability. In terms of the other metals proposed as ITO 
replacements, a 2005 Greenpeace report on e-waste found levels of copper in sediments close to 
shredding facilities in China between 9500-45900 mg/kg. Elevated levels of copper were also found 
close to acid processing and leaching sites. At metal recovery workshops in China levels of silver in 
floor dust were found to be up to 1170 mg/kg (Greenpeace, 2005). It should be noted that amounts of 
copper and silver proposed to be used as alternative TCs form a very small percentage of the total of 
those metals that are already used in electrical and electronic equipment. PEDOT, CNTs and graphene 
are not commonly used in electrical equipment or found in e-waste.  
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5.5 Chapter summary 
 
This chapter discussed the future of LCA for emerging materials from an industry perspective. It 
investigated what aspects were important to product decision-making in the electronics industry and 
how this might affect how LCA is used in a business context in the future.  
Life cycle based assessment can inform decision-making in almost every area of a business. It can be 
useful in research and development, help define business key performance indicators, be used in 
branding and marketing, form a strong element of corporate responsibility reporting and show where 
potential financial risks might be. A key challenge to overcome is being able to represent the data that 
is generated from an LCA in a way which is useful for a business to make decisions against.  
This chapter found that the businesses questioned favour the use of LCA to evaluate aspects such as 
energy use, carbon emission and water use; but for other aspects such as human and environmental 
toxicity they preferred to use other non-LCA metrics such as hazard assessment. Areas that were 
identified as important through a broader online questionnaire were materials performance and 
customer demand.  
It should be noted that the both the survey and semi-structured interviews were conducted using a 
small sample size of electronics manufacturers and those within the electronics supply chain. Further 
research is needed to determine whether these results can be replicated on a larger and more targeted 
sample of end producer electronics companies.   
These results informed a case study on emerging touch screen technologies. The scoping LCA study 
combined a screening-level LCA for energy, carbon, water impact, with cost evaluation, hazard 
assessment, and materials properties assessment. The study showed metal meshes to be the most 
likely technology (in the short term) to take over from current ITO.  
Ultimately this case study highlights the disconnect between the needs of the organisations we 
engaged with and the current trend in product declarations (type III) which employ a LCA approach. 
The purpose of these are to ensure the environmental life cycle implications of the products under 
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evaluation are fully taken into account. It is of course important to ensure that any environmental 
impacts are fully understood, but assessment should be performed in a way that is relevant to the 
businesses using it. Organisations can chose to conduct more in-depth analysis if they wish, but as a 
methodology from which business can make decision about new or replacement materials some 
consideration should be given to the needs of the business to make decisions. Product declaration 
LCAs are typically used as an external declaration tool, this analysis looks at how to make LCA more 
useful for decision-making internally.  
The circular economy as concept for encompassing life cycle thinking into business decision-making 
has not been covered in this section. Further work on developing relevant LCA methodology for 
business should include specific analysis on how circular economy principles can be included and 
what work is currently being carried out on this.  
For LCAs to remain relevant in the future with the organisations that were engaged from the 
electronics industry, the metrics for aspects such as toxicity need to be better aligned with chemical 
regulations such as REACH, or at least consistent across environmental assessment, for the results to 
be at all tangible to industry decision-making. Assessment needs to work towards a more dynamic 
representation of customer demand and materials properties.  
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6 Lessons Learnt 
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6.1 Past decision making and materials substitution in the context of 
LCA 
 
As government and industry face increasing pressure to become more sustainable and reduce their 
impact on the environment, there has been an increased focus on the regulation of substances deemed 
to pose significant risk to the environment.  
Without understanding the consequential effects of regulated substance alternatives and the 
implications of new materials there is potential for negative and unforeseen consequences.  
Balancing risk reduction and early action on materials, with an evaluation of the unintended 
consequences of materials substitution following any regulatory action, is vital to making effective 
and long-term sustainable decisions. Regulators seeking to restrict particular substances or materials 
should include research in their decision-making that evaluates environmental implications of the 
alternatives. 
This balance was not well struck with the restriction of lead from electronic solders through the 
Restriction of Hazardous Substances (RoHS) (2002/95/EU) Directive. The directive came along at the 
same time as the Waste Electrical and Electronic Equipment (WEEE) (2002/96/EC) Directive, and 
was intended to reduce the amount off hazardous materials within electronics, particular with the 
growing levels of waste electrical and electronic equipment being produced.  
Regulation of lead from paints and petrol set a precedent for the regulation of lead from other 
products deemed to pose a potential risk through leaching of the metal into the environment. What 
was poorly considered when scoping the RoHS Directive were the life cycle implications of the 
alternatives to lead solder.  
Lead-free solders are typically composed of a higher percentage of tin than lead solder, with additions 
of silver, copper and in some cases bismuth. These solders require a higher processing temperature 
than lead solder, which coupled with an increase in high energy consuming tin mining, means that the 
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overall global warming potential of lead free solders is higher than lead solder. The mining of lead is a 
key starting point for many materials such as lead’s replacement bismuth, meaning the ultimately the 
restriction has not limited the amount of lead being mined (this is also down to the fact that lead 
solder made up less than 1% of the total lead used globally before the restriction). 
The restriction of lead introduced a number of materials risks in that there was no real ‘drop-in’ 
replacement for lead solders. This is continuing to cause major issues for industries who rely heavily 
on solder to perform consistently (aerospace, space, nuclear, automotive etc.), with serious 
consequences if the material does not. Alternatives to leads restriction could have been a more 
ambitious application of the WEEE Directive and incentives/targets focusing on encouraging greater 
circularity. This approach reduces the risks posed by lead through its removal from landfill rather than 
its regulation from the system all together.  
Regulators must consider the full life cycle implications of materials substitution by evaluating the 
life cycle impacts of both the existing material and its substitute. Going forward, as new materials are 
developed, life cycle approaches are required to fully evaluate emerging materials so that an 
understanding can be gained as to their relative risks and benefits when compared with existing 
materials. The risk of unintended consequences should be fully assessed when any future materials 
substitution decisions are being made.  
6.2 Current decision-making and the challenges of LCA for emerging 
materials 
 
When it comes to assessing substitute or new and emerging materials it is important that any 
uncertainties are effectively communicated. Uncertainties can arise from data gaps, gaps in 
knowledge or understanding of the materials system or any additional functionality which needs to be 
taken into account within the context of the LCA. Work published in the area of emerging materials 
LCA highlights key considerations and challenges for LCA, and suggests pathways for tackling 
theses; however, there is little guidance on how to communicate uncertainty within LCA studies on 
new materials with our present level of knowledge.  
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In LCA of emerging materials it is important to consider not only the location of uncertainty: 
parameter, model, choice etc. but also the level of uncertainty present. This is an area which is 
discussed by Walker et al., (2003), van de Sluijs et al., (2004) and Gavankar, Anderson and Keller 
(2014). This research builds on the work carried out by these authors, who address uncertainty in the 
context of level, through an approach to suggest appropriate methods for uncertainty communication 
in circumstances where uncertainty is high.  
This research was carried out using two different case study areas: Carbon nanotubes (CNTs) in 
composite sports goods, and dye-sensitised solar cells (DSSCs) for indoor light harvesting. The case 
studies identified scenario analysis and expert engagement to be the most appropriate methods for 
communicating uncertainty where uncertainty was particularly high. In the case of the DSSC study, 
scenarios were useful for understanding potential future directions for the technology and what the 
challenges might be. Other methods which were used were screening-level sensitivity analysis and 
data quality assessment. These techniques were useful to apply to locations where certainty was 
greater, but for areas of high uncertainty they did not add much to its communication. Finally, 
probabilistic assessment in the form of Monte Carlo was carried out. This propagated uncertainty 
from the results of the Pedigree Matrix assessment, and because overall uncertainty was so high, it did 
not yield results which could communicate the uncertainty effectively. 
Findings from the two case studies, led to the development of a new approach for representing 
uncertainty methods which takes into account both location and level of epistemic uncertainty. The 
novel approach is given in figure 31. The levels of uncertainty in the diagram represent: total 
ignorance (unknown probability distributions, unknown likelihoods) = HIGH, scenario uncertainty 
(unknown probability distributions, known likelihoods) = MEDIUM, Statistical uncertainty (known 
probability distributions, known likelihoods) = LOW.  
For emerging materials, depending on level of technology maturity, they are likely to sit in either the 
high or medium level of uncertainty. This means that techniques for evaluating statistical uncertainty 
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such as statistical analysis, probabilistic analysis (such as Monte Carlo analysis) and full sensitivity 
analysis may not be as effective in communicating uncertainties.  
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Figure 31. Approach for selecting an uncertainty assessment method in LCA based on level of uncertainty (low, medium, high) 
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6.3 The future role for LCA of emerging materials 
 
A key challenge for industry to overcome is being able to represent the data that is generated from an 
LCA in a way which is useful for business management and decision-making. Often traditional LCA 
approaches are time-consuming and data intensive, yielding a host of environmental impact categories 
which do not necessarily then relate well to business management.  
Survey research conducted within the electronics industry found customer demand and product 
performance to be key considerations in decision-making for products. For life cycle based 
assessment carbon, energy and water use were considered most important. Human and environmental 
toxicity aspects were considered separately from a formal LCA approach. Other aspects highlighted 
as important in the future were the application of circular economy principles. 
With the growing use of type III product declarations and the EU Product Environmental Footprint 
(PEF), LCA information is increasingly in demand for companies to obtain. It is important that 
resource-intensive activities such as LCA required for external verification or declaration should also 
be useful to the organisation for internal decision-support.  
This study shows that carbon, energy and water were useful to assess using the metrics obtained 
through LCA; however, toxicity impact was less tangible to assess through LCA-type impact 
categories. This is largely because the metrics for which human toxicity impact is given (e.g. for 
ReCiPe impact assessment this is kg 1,4-dichlorobenzene-equivalents to urban air) are not as tangible 
to organisations whose restrictions for chemicals and materials use come from regulations such as 
REACH which presents information through risk assessment metrics. This difference in metrics 
makes it difficult for organisations to understand toxicity impact in a way with relates to chemicals 
regulation – the risk indicator which toxicity assessment ultimately informs. This is important to 
consider for future LCA of emerging materials in the context of external declaration and internal 
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decision-making, and may mean future LCA of new materials encompasses some risk assessment 
metrics as part of the LCA.  
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7 Conclusions and further work 
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7.1 Concluding remarks 
 
This research has demonstrated the important and challenging role LCA has in the environmental 
assessment of emerging materials. Some of the key conclusions from work are given below: 
 Where emerging materials are intended to substitute existing materials, the unintended 
consequences of any substitution must be considered. 
 Decision-making must take into account the full life cycle implications of any action to 
remove or substitute materials. This is to avoid solving a problem in one part of the life cycle, 
only to have another appear somewhere else once the material has been substituted. 
Environmental regulation which essentially employs a ‘whack-a-mole’ approach to solving 
hazardous materials issues is not environmentally beneficial in the long-term.  
 Given the importance of a full life cycle perspective, some of the challenges to assessing 
emerging materials through LCA must be overcome to ensure we understand both their 
benefits and potential issues early on. Despite significant work to identify pathways for 
improving our understanding of emerging materials, an approach to identifying methods for 
uncertainty communication is needed now so that LCA can be carried out. 
 This research assessed the challenges in performing LCA on emerging materials systems 
where there is high uncertainty. Through using case studies to evaluate different methods for 
evaluating uncertainty the study identifies scenario assessment and expert engagement as two 
methods which can help to communicate uncertainty where uncertainties are particularly 
high. It is important to consider the level of uncertainty in the study when selecting methods 
for communication. Methods designed for a statistical uncertainty level of knowledge were 
found to not be appropriate for emerging materials systems. 
 As life cycle perspectives are of increasing important to business, and the use of type III 
product declarations and LCA approaches increase, it is even more important LCA represents 
what is important for decision-making. This research identified that future LCA for emerging 
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materials is likely to be more relevant using a streamlined set of impact category areas and 
combining aspects from risk assessment within the decision-support analysis. 
The objectives of this research have been met through the following: 
 A review of LCA within policy-making and its role in directing decision-making determined 
the importance of life cycle thinking and of assessing the alternatives to materials to avoid 
any unforeseen consequences 
 LCA case studies on emerging materials produced a novel approach to communicating 
uncertainty based on level of uncertainty (figure 31). This research also contributed to the 
development of a pathway for reducing uncertainty relating to LCA of carbon nanotubes 
(CNT) 
 Research into the role of LCA to direct industry decision-making led to the development of an 
LCA case study which considered relevant LCA aspects alongside risk assessment and 
techno-economic assessment of emerging transparent conductors for electronic touch screens 
7.2 Further work 
 
This research has focussed on evaluating emerging materials from an environmental perspective only, 
but it is recognised that social and economic concerns play an important part in any type of emerging 
materials decision-making.  
A natural progression from this research would be to evaluate some of the key challenges in assessing 
the social implications when introducing of new materials or the substitution of existing ones. Social 
implications can concern both the direct life cycle social impact, but also a broader evaluation of the 
communication of new technology decision-making with the general public, and how this shapes 
public perceptions and acceptance of new materials.  
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Being able to incorporate consumer behaviour and economic scenarios into life cycle assessment is 
becoming increasingly important, and following on from the identification of scenarios analysis as a 
key uncertainty communication method, further work could be carried out to evaluate how scenarios 
could be developed for full life cycle sustainability assessment. This could involve the extension of 
present emerging materials case studies to evaluate these case studies across environmental, social 
and economic areas.  
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Abstract: Amidst the great technological progress being made in the field of nanotechnology we are 
confronted by both conventional and novel environmental challenges and opportunities. Several gaps 
exist in the present state of knowledge or experience with nanomaterials. Understanding and 
managing the uncertainties that these gaps cause in LCAs is essential. Traditionally used for more 
established technology systems, environmental LCA is now being applied to nanomaterials by policy-
makers, researchers and industry. However, the aleatory (variability) and epistemic (system process) 
uncertainties in LCAs of nanomaterials need to be handled correctly and communicated in the 
analysis.  Otherwise, the results risk being misinterpreted, misguiding decision-making processes and 
could lead to significant detrimental effects for industry, research and policy-making. 
 
Here, we review current life cycle assessment literature for carbon nanotubes, and identify the key 
sources of uncertainty which need to be taken into consideration. These include: the potential for non-
equivalency between mass and  toxicity  (potentially  requiring  inventory  and  impact  models   to  
be adjusted); the use of proxy data to bridge gaps in inventory data; and the often very wide ranges in 
material performance, process energy and product lifetimes quoted. 
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1 Introduction 
Research and technical innovation has enabled the design of materials now vital to modern life and 
society.  Understanding environmental life cycle aspects of these materials is becoming an essential 
perspective in the design process, with the introduction of the Eco-design Directive (2009/125/EC), 
and more recently the Product Environmental Footprint (PEF). Environmental stewardship (the 
responsible use and protection of the natural environment) extends further than just a desire to protect 
the environment. Understanding the potential environmental impacts of new materials used in 
products can: reduce business risk, through anticipation of unforeseen and costly regulatory 
compliance; avoid damage to brand image; and can be used to analyse future supply security. Because 
of this, environmental analysis in the design stage is advisable. However, such early assessments are 
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often prone to challenge due to low levels of practical experience, limited representative data from 
metrology, monitoring or surveillance and, in many cases, from the inherent novel properties of the 
materials themselves. 
Carbon nanotubes (CNTs) are an emerging class of materials facing environmental scrutiny. CNTs 
have been relatively well documented in the risk, toxicity and life cycle literature when compared 
with other nanoparticles. Their small size, leading to large surface area, means toxicity is closely 
linked with size distribution, chemical composition and functionality. Parallels are often drawn with 
other ultrafine particulate matter (PM0.1) as CNTs in their dispersed form fit this description. This has 
led to investigation over their potential toxicity and risk towards human health and the natural 
environment. 
Assessing the environmental life cycle of a product containing CNTs has many uncertainties. These 
derive from missing data, lack of knowledge on scale-up of production to industrial levels, 
insufficient measurement of performance and lifetime of products, and the range in physio-chemical 
attributes which could affect toxicity. This means that currently life cycle assessment (LCA), 
commonly used to assess the life cycle of a product, cannot be properly applied to CNTs. LCA studies 
often do not include any consideration of the CNT itself, or if they do, impacts are considered 
speculatively. This is a major barrier to accurately presenting both the potential environmental issues 
and the environmental benefits of using CNTs in products. 
A review of CNT LCA studies has been carried out by Upadhyayula et al. (2012) which found that 
focus is needed on filling data gaps in the LCA of CNTs, along with showing the massive range in 
energy values for the production of CNTs [1]. This is echoed by Hischier and Walser (2012) [2]. This 
has a large effect on the overall life cycle impacts attributed to CNT production. The modelling of 
CNT emissions to the environment has also been studied by several authors [3-5]. A better 
understanding of this is needed to inform risk and life cycle impact assessment. A three step-
procedure has been recently suggested by Hischier (2014) in order to identify impact relevant aspects 
in nanomaterial LCA including CNTs [6].  
This paper describes the uncertainties in environmental assessment, and ranks them in terms of 
priority for reducing and managing them in LCAs. By doing this, a clear pathway towards developing 
better, more representative environmental assessments can be delivered. 
 
2 LCA studies on carbon nanotubes – a review 
2.1 Life cycle assessment and nanomaterials 
LCA for the environmental profiling of products and services has been standardized under ISO since 
1997 (see ISO 14040: 2006). This technique for environmental systems analysis is now widely used 
to assess the potential environmental impacts a material might have over its whole ‘cradle-to-grave’ 
life cycle. In the last few years there has been much discussion on the use of LCA to assess 
nanomaterials, with recognition of several key issues summarized below: 
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1) Differences in what drives toxicity. For bulk materials this is mass; however, for 
nanomaterials toxicity can potentially be more closely linked to particle size, shape, 
size distribution, functionality etc. [7, 8]. Furthermore, within the CNT family there is 
a wide range of size distribution, type, and functionality. Since these characteristics 
have the potential to radically effect toxicity, modelling CNT toxicity cannot be 
generic and must be material specific [7, 9].  
2) Representation of material properties and performance. CNTs can be used for 
lightweighting, and its properties are dependent on functionalities such as particle 
size rather than mass. Uncertainties in performance of the product present key issues 
in modelling the life cycle as many assumptions need to be made [8, 10].  
3) Limited availability of life cycle inventory (LCI) data. LCAs are data-driven and 
access to detailed process information, which is often proprietary and very difficult to 
obtain, is a key requirement. Lack of knowledge on emissions and accurate data on 
processing parameters inevitably introduce significant uncertainty. In the absence of 
direct industrial production and processing information, assumptions regarding scale-
up are made [2, 7, 8,].  
4) Lack of impact assessment data. Once the inventory data have been compiled, an 
assessment of the potential environmental impacts of those inputs and outputs should 
be performed. Due to a lack of well-defined environmental fate and exposure 
information, this assessment for nano-specific aspects is often speculative or cannot 
be performed [2,7].  
This present paper presents a 3-level priority roadmap for the development of CNT LCA studies 
which includes all CNT-relevant considerations needed.  
 
2.2 Life cycle assessment of carbon nanotubes 
Thirteen studies assessing the life cycle of CNTs were reviewed [3, 10-21]. Of these only four 
assessed the full life cycle [3, 10, 16, 19]. Griffiths et al. (2013) used a variety of thermodynamic and 
proxy data approaches to model data not found in the typical LCI databases. Most authors assessed 
only the production stage of CNTs [12, 13-15, 17, 18]. Kushnir and Sanden (2008) and Wender and 
Seager (2011) found uncertainty in scaling up the process from laboratory to industrial scale. All the 
studies recognize energy demand in CNT production as the major contributor to environmental 
impact. Table 1 shows the range in energy demand values quoted for a number of different production 
methods of CNTs.  
Overall, none of the studies were able to represent CNT-specific impacts in their LCA. This was due 
to data gaps in both the life cycle inventory and the impact assessment. Major sources of uncertainty 
were in the modelling of scale up of the technology and the performance in its use phase [13, 21]. As 
shown in Table 1, there is a very large range in quoted values for production energy for CNTs (MJ/kg 
CNTs produced), even within the same process type. Uncertainty in the modelling scale-up from a 
laboratory process to a full-scale industrial process is found in yield calculation, energy demand and 
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recycling of catalysts and solvents. Given the importance energy demand in CNT manufacture has (or 
is likely to have) on the overall life cycle environmental impact of CNT-containing products, 
understanding realistic demand per functional unit of product is crucial in producing representative 
CNT LCA studies.  
Table 1        Range in energy values for CNT production by various synthesis routes 
 
Synthesis method Energy (MJ/kg CNTs 
manufactured) 
Reference 
Arc Discharge 3.2x105 Healy et al., 2008 [17] 
 2.2x103 Kushnir and Sanden., 2008 
[13] CVD (VGCNF) 1.1x104 Khanna et al., 2008 [12] 
CVD (floating bed) 4.8x102 Kushnir and Sanden., 2008 
[13] HiPCO and 
CoMoCAT 
5.8x103 Kushnir and Sanden., 2008 
[13]  1.6x105 Healy et al., 2008 [17] 
 
2.3 Life cycle assessment of carbon nanotubes in carbon fibre sports equipment 
An LCA study was conducted in the present work to assess some of the claims made in the literature.  
The  study  chose  a  carbon  fibre  lacrosse  stick  shaft  as  the  CNT-containing product, based on 
marketing literature from a carbon fibre pre-preg manufacturer. The scope of the study was the full 
life cycle of the product, excluding transport. The functional unit of the study was chosen as 400 
hours of training and match play. This was assumed to be the same as for an aluminum stick. 
Modelling bulk material and energy impacts only (no nano-specific consideration) the results of 
contribution analysis using   selected   environmental   impact   categories   recommended   in   the 
International Reference Life Cycle Data System ILCD (Table 2) shows overwhelmingly that the 
major environmental impact occurs from CNT production related to energy demand by a CVD reactor 
process, assuming 828 MJ/g energy demand taken from Healy et al. (2008) [17]. However, realistic 
values to model CNT process energy requirements  were  very  difficult  to  obtain,  given  the  
proprietary  nature  of  the information. Similar to many of the studies reviewed, this meant that 
energy demand and processing assumptions were made on the basis of reviewing existing literature 
and by engaging with academics working within the area, but with little industrial input. Without 
engagement from the industry, process modelling will be restricted to values reflecting those at a 
laboratory scale with the risk that lower yields and higher energy demands may be assumed than is 
actually the case at scale. We recommend immediate cooperation between LCA practitioners and 
industry to better inform CNT LCAs.  
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Table 2        Contribution analysis: different life cycle stages of a lacrosse stick containing CNTs 
 
ILCD impact category 
Percentage (%) contribution to total 
impact 
 CNT 
production 
Sports 
equipment 
manufacture 
Incineration 
at end-of- 
life 
IPCC global warming, incl biogenic 
carbon 
[kg CO2-Equiv.] 
94 5 <1 
Resource Depletion, fossil and 
mineral, reserve base, CML2002 [kg 
Sb-Equiv.] 
98 2 0 
Ecotoxicity for aquatic fresh water, 
USEtox (recommended) [CTUe] 
98 1 <1 
Human toxicity cancer effects, 
USEtox (recommended) [CTUh] 
99 1 0 
Human toxicity non-canc. effects, 
USEtox (recommended) [CTUh] 
97 3 0 
Particulate matter/Respiratory 
inorganics, RiskPoll [kg PM2,5-
Equiv.] 
92 8 0 
 
 
3.   Identified areas of uncertainty 
 
Uncertainty in environmental assessment can be defined in a number of ways. It may be defined 
through either the nature or the location of the uncertainty. The nature of an uncertainty can be either 
aleatory or epistemic. Aleatory uncertainty represents inherent randomness shown by natural systems 
i.e. something which cannot be reduced. Epistemic uncertainty comes from a lack of, or imperfection 
in, knowledge about a system of interest [22, 23]. Generally in LCA, types of uncertainty and 
variability are distinguished by location. These are accepted as parameter, model, choices, temporal, 
and spatial uncertainty [24]. For LCAs of CNTs these uncertainties are characterized in Table 3.  
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Table 3        Uncertainty characteristics for LCA of carbon nanotubes 
 
Type of uncertainty Source 
 
Parameter 
 
Lack of and incomplete inventory data for nano-specific processes 
(including CNT emissions, chemicals and catalysts used in those 
processes), 
as well as characterisation factors at LCIA stage 
 
Model 
 
Imperfections in knowledge on nano-specific aspects; representation of 
nano-properties, uncer ai ty in potential exposure and fate, scale-up of 
laboratory scale processes, nanofunctionalities in use phase, modelling 
impacts in LCIA 
 
Uncertainty in 
choices 
 
Choices made to model technology scale-up, allocation procedures for 
equipment used, production process (via CVD, HiPCO etc) and end-of-
life management methods 
 
Temporal 
 
Primary/modeled data obtained for emissions averaged over the same 
time periods, prospective assessment of scale up and future scenarios 
 
Spatial 
 
Relation of region/location specific data to actual production site 
emissions. Modeling movement of CNTs between different 
environmental compartments, and background concentrations of CNTs 
from natural or incidental sources (e.g. combustion) 
 
4.   Uncertainty levels in the LCA of CNT-containing products 
 
In order to achieve greater certainty in the results of LCAs of CNTs, the different sources of 
uncertainty need to be tackled (Figure 1). From the literature review and our LCA case study on a 
CNT-containing sports equipment, we consider that understanding realistic process parameters and 
life time performance through better engagement with industry and experts should be the first target 
for  reducing uncertainty (particularly for the major factors of energy demand, ancillary materials and 
waste generation in CNT manufacture). Following this, improving fate models and toxicity 
assessments which best reflect environmental conditions is required to allow extension of  the range 
of categories that can be adequately represented in the impact assessment phase of the LCA. Finally, 
inventory and impact assessment data can be continually improved to encompass a wider range of 
CNT variations (functionality, purity etc.) and CNT-containing products.  
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Priority 1:  
System input parameter, model and choice uncertainty in the life cycle inventory: Technology 
scale-up and processing throughout the life cycle. This also includes product performance information 
so that CNT-containing products can be compared against traditional technologies. Improving this 
parameter uncertainty will mean LCA studies are more representative of actual potential impacts 
rather than those based on speculative data. Here single-walled (SWCNTs) and multi-walled 
(MWCNTs) carbon nanotubes need to be distinguished;  
System output parameter, model and choice uncertainty in the life cycle inventory: improving 
data for release and emissions based on processing methods (CVD, HiPCO, CoMoCAT etc) 
understanding of release routes and likely methods for end- of-life processing. 
Priority 2: 
Parameter and model uncertainty in assessing impact: Improve fate models of CNTs in   the   
environment,   and   toxicity   assessment   based   on   environmentally representative states of CNTs. 
Understanding this, coupled with findings in priority level 1 will lead to more representative 
emission/release values, from which impact assessment can be performed 
Priority 3: 
Continual improvement and refinement of Life Cycle Inventory data: Given the diversity of CNT 
size distributions, purities, and functionalities, inventory information and impact assessment data will 
continually need to be updated to handle new products. Where SWCNTs and MWCNTs were 
distinguished  in priority level 1, these datasets can now be updated to represent variations of each of 
these CNTs.  
 
Figure 1    A roadmap for certainty improvement in the LCA of CNT containing product 
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5.  Options to manage uncertainty in the short-term 
 
5.1 Proxy or extrapolated data 
Surrogate data is often used where actual values do not exist in inventory databases. These can be 
scaled proxy values, direct proxy values, average proxy values or extrapolated values [25].  Where 
this may be possible for dealing with solvents or catalysts not included in databases, the differences 
between bulk carbon and CNTs make a surrogate data assumption very difficult. The levels of 
uncertainty around impacts when using surrogate data to represent CNTs should be made explicit in 
reporting LCA results. 
5.2 Data quality analysis and review of assumptions 
Data quality analysis can be done qualitatively or quantitatively through the use of tools such as 
pedigree matrices. The assumptions made in the model can be reviewed through engagements with 
experts and stakeholders.  
5.3 Sensitivity analysis 
Often used in LCA, sensitivity analysis using Monte Carlo is built in to many LCA software 
packages. It can be used to look at the effect changing input parameters has on the final LCA 
outcome. For it to be used effectively the practitioner should have an idea of likely ranges in input 
data. This may limit the value of sensitivity analysis with regard to CNT LCAs due to the inherent 
lack of knowledge; however, it could be applied where there is a range in quoted values e.g. for CNT 
production energy.  
5.4 Scenario analysis 
This technique is also often employed in LCA to examine how different modeling assumptions affect 
the final environmental impact results. This is potentially useful to assess  uncertainties in  CNT  
LCA,  and  has  been  used  by  other  authors  performing prospective analysis on nanomaterials [26].  
 
6.   Summary and conclusions 
This review of uncertainty in the LCA of CNT-containing products has highlighted key issues and 
suggested a priority pathway for improving LCA certainty.  None of the studies reviewed to date are 
able to account adequately for nano-specific impacts and few considered uncertainty per se. 
Identifying and prioritizing uncertainties is clearly necessary to establish an appropriate LCA 
judgment on the environmental profiles of CNT products based on the current state of knowledge.  
A range of issues need to be tackled in future research. These include; lack of inventory data for 
scaled-up production, differences between bulk and nanomaterial use phase functionality, and lack of 
impact assessment models and data for CNTs and nanomaterials in general, including differences in 
toxic action. This study has generated a prioritised list aimed at improving certainty in a stepwise 
approach targeted at achieving the biggest gains first. Priority 1: better engagement from industry on 
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realistic scale-up approaches and industrial parameters to improve knowledge on system inputs over 
the whole life cycle. With CNT production being such an energy intensive process, it is important that 
energy demands properly representative of industrial practice are applied so that realistic LCA results 
can be obtained. Following this, output/emissions data is required, again through better engagement 
with industry and industrial experts to gain realistic release values. Priority 2: improvement of models 
for environmental risk assessment which are used to feed into the life cycle impact assessment phase 
of LCA. Priority 3: continuous improvement and database updates for CNTs. This goes beyond 
simple SWCNT and MWCNT differentiation to include ranges in size distribution, and surface 
functionality representative of the full diversity of CNTs. 
In the meantime while these areas are being developed, various techniques must be used to manage 
and communicate uncertainty in current LCAs of CNTs. These techniques include the appropriate use 
and declaration of surrogate or proxy  data,  data  quality analysis,  and sensitivity and scenario 
analysis.  
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2a. Contribution analysis CNT lacrosse stick LCA base-case. Break down by life cycle stage. Impact per functional unit 
 
 
 
Impact category Unit Total 
CNTs (from 
CoMoCAT CVD)  
CNTs 
functionalisation  CFRP pultrusion  
Lacrosse stick 
landfilling 
Climate change kg CO2 eq 1.12E+02 6.44E+01 4.34E+01 4.12E+00 6.71E-03 
Ozone depletion kg CFC-11 eq 3.89E-03 2.01E-04 3.68E-03 1.35E-07 1.83E-09 
Terrestrial acidification kg SO2 eq 3.85E-01 2.77E-01 8.47E-02 2.34E-02 4.59E-05 
Freshwater eutrophication kg P eq 3.94E-02 3.17E-02 7.30E-03 3.15E-04 6.86E-07 
Marine eutrophication kg N eq 6.76E-01 5.23E-01 1.40E-01 1.32E-02 4.43E-06 
Human toxicity kg 1,4-DB eq 7.62E+01 3.89E+01 3.67E+01 5.41E-01 1.43E-03 
Photochemical oxidant formation kg NMVOC 2.12E-01 1.41E-01 5.16E-02 1.87E-02 6.39E-05 
Particulate matter formation kg PM10 eq 1.34E-01 9.63E-02 2.82E-02 9.87E-03 2.12E-05 
Terrestrial ecotoxicity kg 1,4-DB eq 1.29E-02 4.10E-03 8.54E-03 2.21E-04 1.61E-06 
Freshwater ecotoxicity kg 1,4-DB eq 1.70E+00 1.04E+00 6.41E-01 1.91E-02 4.26E-05 
Marine ecotoxicity kg 1,4-DB eq 1.26E+00 9.54E-01 2.88E-01 1.70E-02 4.74E-05 
Ionising radiation kBq U235 eq 1.92E+01 1.45E+01 4.50E+00 1.95E-01 8.43E-04 
Agricultural land occupation m2a 3.20E+00 2.33E+00 8.24E-01 4.34E-02 5.43E-04 
Urban land occupation m2a 5.31E-01 3.83E-01 1.37E-01 1.02E-02 9.57E-04 
Natural land transformation m2 1.36E-02 9.68E-03 3.75E-03 2.38E-04 -3.03E-05 
Water depletion m3 6.15E+00 6.44E+00 -3.58E-01 6.78E-02 1.16E-04 
Metal depletion kg Fe eq 6.72E+00 5.78E+00 8.84E-01 5.59E-02 3.27E-04 
Fossil depletion kg oil eq 2.40E+01 1.61E+01 6.04E+00 1.85E+00 3.70E-03 
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2b. Contribution analysis CNT lacrosse stick LCA base-case. CNT production only (A). Impact per functional unit 
 
Impact category Unit Total 
Acetic acid, 
without water, 
in 98% 
solution state 
{GLO}| market 
for | Alloc Def, 
U 
Carbon 
monoxide 
{GLO}| silicon 
tetrachloride 
production | 
Alloc Def, U 
Cobalt 
{GLO}| 
market 
for | 
Alloc 
Def, U 
Molybdenum 
{GLO}| market 
for | Alloc Def, 
U 
Tetrafluoro-
ethylene 
{GLO}| 
market for | 
Alloc Def, U 
Argon, 
liquid 
{GLO}| 
market for 
| Alloc 
Def, U 
Climate change kg CO2 eq 6.44E+01 3.52E-03 4.01E-02 1.08E-02 2.35E-01 6.80E+00 2.11E+01 
Ozone depletion kg CFC-11 eq 2.01E-04 7.76E-10 1.95E-08 1.01E-09 1.67E-08 1.97E-04 1.45E-06 
Terrestrial acidification kg SO2 eq 2.77E-01 2.34E-05 2.20E-04 1.16E-04 5.25E-03 1.94E-03 1.25E-01 
Freshwater eutrophication kg P eq 3.17E-02 1.11E-06 1.44E-05 3.32E-06 1.46E-02 1.07E-04 8.62E-03 
Marine eutrophication kg N eq 5.23E-01 4.00E-06 5.40E-05 2.29E-05 1.59E-03 5.36E-04 4.11E-02 
Human toxicity kg 1,4-DB eq 3.89E+01 1.35E-03 2.67E-02 4.53E-03 2.46E+01 5.84E-01 6.95E+00 
Photochemical oxidant formation kg NMVOC 1.41E-01 1.60E-05 1.19E-04 1.14E-04 5.28E-03 9.17E-04 6.21E-02 
Particulate matter formation kg PM10 eq 9.63E-02 7.72E-06 8.29E-05 6.05E-05 6.77E-03 6.06E-04 4.70E-02 
Terrestrial ecotoxicity kg 1,4-DB eq 4.10E-03 8.25E-07 2.13E-05 9.06E-07 5.53E-05 2.41E-05 1.24E-03 
Freshwater ecotoxicity kg 1,4-DB eq 1.04E+00 5.70E-05 7.00E-04 1.30E-04 4.88E-01 5.02E-03 2.50E-01 
Marine ecotoxicity kg 1,4-DB eq 9.54E-01 4.82E-05 7.85E-04 1.23E-04 4.36E-01 4.67E-03 2.26E-01 
Ionising radiation kBq U235 eq 1.45E+01 6.64E-04 7.90E-03 1.43E-03 2.85E-02 5.03E-02 5.25E+00 
Agricultural land occupation m2a 2.33E+00 1.48E-04 1.78E-03 5.27E-04 1.93E-02 1.18E-02 8.84E-01 
Urban land occupation m2a 3.83E-01 3.24E-05 3.53E-04 8.68E-04 4.12E-02 2.49E-03 1.36E-01 
Natural land transformation m2 9.68E-03 1.53E-06 1.16E-05 4.85E-06 1.72E-04 5.71E-05 2.38E-03 
Water depletion m3 6.44E+00 3.85E-05 3.09E-04 3.93E-05 6.33E-03 -3.17E-03 6.29E+00 
Metal depletion kg Fe eq 5.78E+00 2.46E-04 3.39E-03 2.45E-03 4.83E+00 2.62E-02 3.36E-01 
Fossil depletion kg oil eq 1.61E+01 2.20E-03 1.53E-02 2.72E-03 5.43E-02 8.84E-02 5.57E+00 
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2c. Contribution analysis CNT lacrosse stick LCA base-case. CNT production only (B). Impact per functional unit 
Impact category Unit 
Nitric acid, without 
water, in 50% solution 
state {GLO}| market for 
| Alloc Def, U 
Hydrogen, 
liquid {RER}| 
market for | 
Alloc Def, U 
Sodium silicate, 
solid {GLO}| market 
for | Alloc Def, U 
Water, deionised, 
from tap water, at 
user {GLO}| market 
for | Alloc Def, U 
Electricity, 
medium 
voltage {GB}| 
market for | 
Alloc Def, U 
Climate change kg CO2 eq 3.79E+00 1.44E+00 2.35E-03 1.55E-01 3.05E+01 
Ozone depletion kg CFC-11 eq 1.43E-07 2.50E-07 1.64E-10 6.48E-08 1.75E-06 
Terrestrial acidification kg SO2 eq 1.53E-02 3.59E-03 1.30E-05 9.22E-04 1.24E-01 
Freshwater eutrophication kg P eq 1.58E-04 2.25E-04 6.35E-07 6.29E-05 7.93E-03 
Marine eutrophication kg N eq 1.12E-03 2.42E-03 1.66E-06 2.72E-04 4.75E-01 
Human toxicity kg 1,4-DB eq 3.72E-01 2.70E-01 8.98E-04 8.35E-02 6.01E+00 
Photochemical oxidant formation kg NMVOC 7.86E-03 3.93E-03 6.86E-06 5.06E-04 6.03E-02 
Particulate matter formation kg PM10 eq 3.84E-03 1.28E-03 4.24E-06 3.68E-04 3.63E-02 
Terrestrial ecotoxicity kg 1,4-DB eq 2.07E-04 4.33E-05 2.11E-07 3.30E-05 2.48E-03 
Freshwater ecotoxicity kg 1,4-DB eq 1.43E-02 8.32E-03 3.67E-05 6.34E-03 2.69E-01 
Marine ecotoxicity kg 1,4-DB eq 1.41E-02 7.74E-03 3.45E-05 5.78E-03 2.58E-01 
Ionising radiation kBq U235 eq 7.44E-02 1.53E-01 1.37E-04 3.32E-02 8.90E+00 
Agricultural land occupation m2a 2.22E-02 2.37E-02 2.29E-04 6.96E-03 1.36E+00 
Urban land occupation m2a 7.37E-03 2.90E-03 3.00E-05 1.48E-03 1.90E-01 
Natural land transformation m2 2.95E-04 4.22E-05 3.39E-07 2.02E-05 6.69E-03 
Water depletion m3 1.55E-02 -1.80E-02 9.72E-06 9.92E-02 4.70E-02 
Metal depletion kg Fe eq 9.66E-02 2.93E-02 2.36E-04 1.31E-02 4.42E-01 
Fossil depletion kg oil eq 3.62E-01 1.13E+00 5.03E-04 4.10E-02 8.82E+00 
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2d. Contribution analysis CNT lacrosse stick LCA base-case. CNT functionalisation only. Impact per functional unit 
Impact category Unit Total 
Trichloromethane 
{GLO}| market for | 
Alloc Def, U 
Diphenylether-
compound 
{GLO}| market 
for | Alloc Def, 
U 
Tetrafluoroe
thylene 
{GLO}| 
market for | 
Alloc Def, U 
Electricity, 
medium 
voltage {GB}| 
market for | 
Alloc Def, U 
Spent solvent 
mixture 
{GLO}| 
market for | 
Alloc Def, U 
Climate change kg CO2 eq 4.34E+01 1.71E+01 2.20E-01 9.60E+00 6.97E+00 9.47E+00 
Ozone depletion kg CFC-11 eq 3.68E-03 3.41E-03 4.50E-08 2.79E-04 4.00E-07 2.07E-07 
Terrestrial acidification kg SO2 eq 8.47E-02 4.23E-02 3.69E-03 2.74E-03 2.84E-02 7.54E-03 
Freshwater eutrophication kg P eq 7.30E-03 3.73E-03 6.61E-05 1.51E-04 1.81E-03 1.54E-03 
Marine eutrophication kg N eq 1.40E-01 2.83E-02 4.84E-04 7.57E-04 1.09E-01 1.69E-03 
Human toxicity kg 1,4-DB eq 3.67E+01 3.40E+01 8.76E-02 8.25E-01 1.37E+00 4.25E-01 
Photochemical oxidant formation kg NMVOC 5.16E-02 2.57E-02 3.45E-03 1.30E-03 1.38E-02 7.37E-03 
Particulate matter formation kg PM10 eq 2.82E-02 1.50E-02 1.20E-03 8.56E-04 8.31E-03 2.79E-03 
Terrestrial ecotoxicity kg 1,4-DB eq 8.54E-03 9.57E-04 2.96E-05 3.40E-05 5.66E-04 6.96E-03 
Freshwater ecotoxicity kg 1,4-DB eq 6.41E-01 1.60E-01 3.68E-03 7.09E-03 6.15E-02 4.09E-01 
Marine ecotoxicity kg 1,4-DB eq 2.88E-01 1.51E-01 3.03E-03 6.60E-03 5.90E-02 6.90E-02 
Ionising radiation kBq U235 eq 4.50E+00 2.28E+00 2.67E-02 7.10E-02 2.04E+00 8.76E-02 
Agricultural land occupation m2a 8.24E-01 4.12E-01 9.35E-03 1.66E-02 3.12E-01 7.37E-02 
Urban land occupation m2a 1.37E-01 7.26E-02 1.59E-03 3.52E-03 4.35E-02 1.61E-02 
Natural land transformation m2 3.75E-03 2.01E-03 2.59E-05 8.06E-05 1.53E-03 1.07E-04 
Water depletion m3 -3.58E-01 -3.73E-01 2.28E-03 -4.47E-03 1.08E-02 5.72E-03 
Metal depletion kg Fe eq 8.84E-01 6.80E-01 1.51E-02 3.69E-02 1.01E-01 5.01E-02 
Fossil depletion kg oil eq 6.04E+00 3.54E+00 6.90E-02 1.25E-01 2.02E+00 2.90E-01 
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2e. Contribution analysis CNT lacrosse stick LCA base-case. CFRP pultrusion only. Impact per functional unit 
  
 
Impact category Unit Total 
Acetone, 
liquid 
{GLO}| 
market for | 
Alloc Def, U 
Epoxy resin, 
liquid {GLO}| 
market for | 
Alloc Def, U 
Acrylonitrile 
{GLO}| 
market for | 
Alloc Def, U 
Electricity, 
medium 
voltage {GB}| 
market for | 
Alloc Def, U 
Spent solvent 
mixture {GLO}| 
market for | 
Alloc Def, U 
Inert waste, for 
final disposal 
{GLO}| market 
for | Alloc Def, 
U 
Climate change kg CO2 eq 4.12E+00 2.10E-02 2.22E+00 1.39E+00 4.69E-01 1.87E-02 2.61E-04 
Ozone depletion kg CFC-11 eq 1.35E-07 9.13E-11 2.73E-08 7.87E-08 2.69E-08 4.07E-10 7.12E-11 
Terrestrial acidification kg SO2 eq 2.34E-02 9.09E-05 1.28E-02 8.58E-03 1.91E-03 1.49E-05 1.79E-06 
Freshwater eutrophication kg P eq 3.15E-04 1.49E-06 7.13E-05 1.17E-04 1.22E-04 3.04E-06 2.67E-08 
Marine eutrophication kg N eq 1.32E-02 2.21E-06 5.18E-04 5.39E-03 7.32E-03 3.32E-06 1.72E-07 
Human toxicity kg 1,4-DB eq 5.41E-01 4.27E-04 2.38E-01 2.08E-01 9.25E-02 8.37E-04 5.56E-05 
Photochemical oxidant formation kg NMVOC 1.87E-02 8.76E-05 1.41E-02 3.49E-03 9.28E-04 1.45E-05 2.49E-06 
Particulate matter formation kg PM10 eq 9.87E-03 2.73E-05 7.17E-03 2.09E-03 5.59E-04 5.51E-06 8.26E-07 
Terrestrial ecotoxicity kg 1,4-DB eq 2.21E-04 3.21E-07 6.07E-05 1.06E-04 3.81E-05 1.37E-05 6.27E-08 
Freshwater ecotoxicity kg 1,4-DB eq 1.91E-02 1.82E-05 6.11E-03 8.02E-03 4.14E-03 8.07E-04 1.66E-06 
Marine ecotoxicity kg 1,4-DB eq 1.70E-02 1.74E-05 5.18E-03 7.63E-03 3.97E-03 1.36E-04 1.85E-06 
Ionising radiation kBq U235 eq 1.95E-01 5.69E-05 3.00E-03 5.38E-02 1.37E-01 1.73E-04 3.28E-05 
Agricultural land occupation m2a 4.34E-02 1.37E-05 1.73E-03 2.00E-02 2.10E-02 1.45E-04 2.11E-05 
Urban land occupation m2a 1.02E-02 2.75E-05 1.97E-03 4.33E-03 2.93E-03 3.18E-05 3.73E-05 
Natural land transformation m2 2.38E-04 1.74E-07 7.57E-06 1.57E-04 1.03E-04 2.11E-07 -1.18E-06 
Water depletion m3 6.78E-02 2.83E-04 4.97E-02 1.69E-02 7.24E-04 1.13E-05 4.51E-06 
Metal depletion kg Fe eq 5.59E-02 4.52E-05 4.27E-03 4.44E-02 6.80E-03 9.88E-05 1.27E-05 
Fossil depletion kg oil eq 1.85E+00 1.33E-02 8.73E-01 8.20E-01 1.36E-01 5.73E-04 1.44E-04 
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2f. Sensitivity analysis. CNT lacrosse stick assuming 1 MJ/g production energy for CNTs. Impact per functional unit. 
Impact category Unit Total 
CNTs (from 
CoMoCAT 
CVD) 
Functionalised 
CNTs 
Pultruded 
carbon fibre 
functionalised 
with CNTs  
Lacrosse 
stick 
landfilling 
(EoL) 
Climate change kg CO2 eq 8.45E+01 3.69E+01 4.34E+01 4.12E+00 6.71E-03 
Ozone depletion kg CFC-11 eq 3.88E-03 2.00E-04 3.68E-03 1.35E-07 1.83E-09 
Terrestrial acidification kg SO2 eq 2.73E-01 1.65E-01 8.47E-02 2.34E-02 4.59E-05 
Freshwater eutrophication kg P eq 3.22E-02 2.46E-02 7.30E-03 3.15E-04 6.86E-07 
Marine eutrophication kg N eq 2.48E-01 9.46E-02 1.40E-01 1.32E-02 4.43E-06 
Human toxicity kg 1,4-DB eq 7.08E+01 3.35E+01 3.67E+01 5.41E-01 1.43E-03 
Photochemical oxidant formation kg NMVOC 1.57E-01 8.69E-02 5.16E-02 1.87E-02 6.39E-05 
Particulate matter formation kg PM10 eq 1.02E-01 6.36E-02 2.82E-02 9.87E-03 2.12E-05 
Terrestrial ecotoxicity kg 1,4-DB eq 1.06E-02 1.87E-03 8.54E-03 2.21E-04 1.61E-06 
Freshwater ecotoxicity kg 1,4-DB eq 1.46E+00 8.00E-01 6.41E-01 1.91E-02 4.26E-05 
Marine ecotoxicity kg 1,4-DB eq 1.03E+00 7.22E-01 2.88E-01 1.70E-02 4.74E-05 
Ionising radiation kBq U235 eq 1.12E+01 6.49E+00 4.50E+00 1.95E-01 8.43E-04 
Agricultural land occupation m2a 1.98E+00 1.11E+00 8.24E-01 4.34E-02 5.43E-04 
Urban land occupation m2a 3.60E-01 2.11E-01 1.37E-01 1.02E-02 9.57E-04 
Natural land transformation m2 7.62E-03 3.66E-03 3.75E-03 2.38E-04 -3.03E-05 
Water depletion m3 6.11E+00 6.40E+00 -3.58E-01 6.78E-02 1.16E-04 
Metal depletion kg Fe eq 6.32E+00 5.38E+00 8.84E-01 5.59E-02 3.27E-04 
Fossil depletion kg oil eq 1.60E+01 8.16E+00 6.04E+00 1.85E+00 3.70E-03 
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2g. Sensitivity analysis. CNT lacrosse stick assuming 100MJ/g production energy for CNTs. Impact per functional unit 
Impact category 
Unit Total 
CNTs (from 
CoMoCAT 
CVD)  
Functionalised 
CNTs  
Pultruded 
carbon fibre 
functionalised 
with CNTs 
Lacrosse 
stick 
landfilling 
(EoL) 
Climate change kg CO2 eq 3.86E+02 3.39E+02 4.34E+01 4.12E+00 6.71E-03 
Ozone depletion kg CFC-11 eq 3.90E-03 2.17E-04 3.68E-03 1.35E-07 1.83E-09 
Terrestrial acidification kg SO2 eq 1.50E+00 1.39E+00 8.47E-02 2.34E-02 4.59E-05 
Freshwater eutrophication kg P eq 1.11E-01 1.03E-01 7.30E-03 3.15E-04 6.86E-07 
Marine eutrophication kg N eq 4.96E+00 4.80E+00 1.40E-01 1.32E-02 4.43E-06 
Human toxicity kg 1,4-DB eq 1.30E+02 9.30E+01 3.67E+01 5.41E-01 1.43E-03 
Photochemical oxidant formation kg NMVOC 7.54E-01 6.84E-01 5.16E-02 1.87E-02 6.39E-05 
Particulate matter formation kg PM10 eq 4.61E-01 4.23E-01 2.82E-02 9.87E-03 2.12E-05 
Terrestrial ecotoxicity kg 1,4-DB eq 3.51E-02 2.64E-02 8.54E-03 2.21E-04 1.61E-06 
Freshwater ecotoxicity kg 1,4-DB eq 4.12E+00 3.46E+00 6.41E-01 1.91E-02 4.26E-05 
Marine ecotoxicity kg 1,4-DB eq 3.58E+00 3.28E+00 2.88E-01 1.70E-02 4.74E-05 
Ionising radiation kBq U235 eq 9.93E+01 9.46E+01 4.50E+00 1.95E-01 8.43E-04 
Agricultural land occupation m2a 1.55E+01 1.46E+01 8.24E-01 4.34E-02 5.43E-04 
Urban land occupation m2a 2.24E+00 2.10E+00 1.37E-01 1.02E-02 9.57E-04 
Natural land transformation m2 7.39E-02 6.99E-02 3.75E-03 2.38E-04 -3.03E-05 
Water depletion m3 6.57E+00 6.86E+00 -3.58E-01 6.78E-02 1.16E-04 
Metal depletion kg Fe eq 1.07E+01 9.75E+00 8.84E-01 5.59E-02 3.27E-04 
Fossil depletion kg oil eq 1.03E+02 9.54E+01 6.04E+00 1.85E+00 3.70E-03 
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2h. Sensitivity analysis. CNT Lacrosse stick assuming 1000/g MJ production energy for CNTs. Impact per functional unit 
Impact category 
Unit Total 
CNTs (from 
CoMoCAT 
CVD) 
Functionalised 
CNTs 
Pultruded 
carbon fibre 
functionalised 
with CNTs 
Lacrosse 
stick 
landfilling 
(EoL) 
Climate change kg CO2 eq 3.13E+03 3.08E+03 4.34E+01 4.12E+00 6.71E-03 
Ozone depletion kg CFC-11 eq 4.06E-03 3.74E-04 3.68E-03 1.35E-07 1.83E-09 
Terrestrial acidification kg SO2 eq 1.27E+01 1.26E+01 8.47E-02 2.34E-02 4.59E-05 
Freshwater eutrophication kg P eq 8.24E-01 8.16E-01 7.30E-03 3.15E-04 6.86E-07 
Marine eutrophication kg N eq 4.77E+01 4.76E+01 1.40E-01 1.32E-02 4.43E-06 
Human toxicity kg 1,4-DB eq 6.71E+02 6.34E+02 3.67E+01 5.41E-01 1.43E-03 
Photochemical oxidant formation kg NMVOC 6.18E+00 6.11E+00 5.16E-02 1.87E-02 6.39E-05 
Particulate matter formation kg PM10 eq 3.73E+00 3.69E+00 2.82E-02 9.87E-03 2.12E-05 
Terrestrial ecotoxicity kg 1,4-DB eq 2.58E-01 2.49E-01 8.54E-03 2.21E-04 1.61E-06 
Freshwater ecotoxicity kg 1,4-DB eq 2.83E+01 2.77E+01 6.41E-01 1.91E-02 4.26E-05 
Marine ecotoxicity kg 1,4-DB eq 2.68E+01 2.65E+01 2.88E-01 1.70E-02 4.74E-05 
Ionising radiation kBq U235 eq 9.00E+02 8.95E+02 4.50E+00 1.95E-01 8.43E-04 
Agricultural land occupation m2a 1.38E+02 1.37E+02 8.24E-01 4.34E-02 5.43E-04 
Urban land occupation m2a 1.94E+01 1.92E+01 1.37E-01 1.02E-02 9.57E-04 
Natural land transformation m2 6.76E-01 6.72E-01 3.75E-03 2.38E-04 -3.03E-05 
Water depletion m3 1.08E+01 1.11E+01 -3.58E-01 6.78E-02 1.16E-04 
Metal depletion kg Fe eq 5.04E+01 4.95E+01 8.84E-01 5.59E-02 3.27E-04 
Fossil depletion kg oil eq 8.97E+02 8.89E+02 6.04E+00 1.85E+00 3.70E-03 
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2i. Scenario analysis. CNT lacrosse stick assuming changing CNT production catalyst to Iron. Impact per functional unit 
Impact category Unit 
Total impact per functional 
unit 
Climate change kg CO2 eq 1.12E+02 
Ozone depletion kg CFC-11 eq 3.89E-03 
Terrestrial acidification kg SO2 eq 3.80E-01 
Freshwater eutrophication kg P eq 2.47E-02 
Marine eutrophication kg N eq 6.74E-01 
Human toxicity kg 1,4-DB eq 5.16E+01 
Photochemical oxidant formation kg NMVOC 2.06E-01 
Particulate matter formation kg PM10 eq 1.28E-01 
Terrestrial ecotoxicity kg 1,4-DB eq 1.28E-02 
Freshwater ecotoxicity kg 1,4-DB eq 1.21E+00 
Marine ecotoxicity kg 1,4-DB eq 8.23E-01 
Ionising radiation kBq U235 eq 1.92E+01 
Agricultural land occupation m2a 3.18E+00 
Urban land occupation m2a 4.89E-01 
Natural land transformation m2 1.35E-02 
Water depletion m3 6.14E+00 
Metal depletion kg Fe eq 1.89E+00 
Fossil depletion kg oil eq 2.39E+01 
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2j. Scenario analysis. CNT lacrosse stick assuming replacement of purification acid with hydrochloric acid. Impact per functional unit 
Impact category Unit Total impact per functional unit 
Climate change kg CO2 eq 1.09E+02 
Ozone depletion kg CFC-11 eq 3.89E-03 
Terrestrial acidification kg SO2 eq 3.77E-01 
Freshwater eutrophication kg P eq 3.97E-02 
Marine eutrophication kg N eq 6.76E-01 
Human toxicity kg 1,4-DB eq 7.66E+01 
Photochemical oxidant 
formation kg NMVOC 2.07E-01 
Particulate matter formation kg PM10 eq 1.33E-01 
Terrestrial ecotoxicity kg 1,4-DB eq 1.33E-02 
Freshwater ecotoxicity kg 1,4-DB eq 1.71E+00 
Marine ecotoxicity kg 1,4-DB eq 1.27E+00 
Ionising radiation kBq U235 eq 1.93E+01 
Agricultural land occupation m2a 3.24E+00 
Urban land occupation m2a 5.35E-01 
Natural land transformation m2 1.35E-02 
Water depletion m3 6.16E+00 
Metal depletion kg Fe eq 6.72E+00 
Fossil depletion kg oil eq 2.39E+01 
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2k. Scenario analysis. CNT lacrosse stick municipal incineration at EoL. Impact per functional unit 
Municipal Incineration 
Impact category Unit Total impact per functional unit 
Climate change kg CO2 eq 1.12E+02 
Ozone depletion kg CFC-11 eq 3.89E-03 
Terrestrial acidification kg SO2 eq 3.85E-01 
Freshwater eutrophication kg P eq 3.93E-02 
Marine eutrophication kg N eq 6.76E-01 
Human toxicity kg 1,4-DB eq 7.62E+01 
Photochemical oxidant formation kg NMVOC 2.12E-01 
Particulate matter formation kg PM10 eq 1.34E-01 
Terrestrial ecotoxicity kg 1,4-DB eq 1.29E-02 
Freshwater ecotoxicity kg 1,4-DB eq 1.70E+00 
Marine ecotoxicity kg 1,4-DB eq 1.26E+00 
Ionising radiation kBq U235 eq 1.92E+01 
Agricultural land occupation m2a 3.20E+00 
Urban land occupation m2a 5.30E-01 
Natural land transformation m2 1.37E-02 
Water depletion m3 6.15E+00 
Metal depletion kg Fe eq 6.66E+00 
Fossil depletion kg oil eq 2.40E+01 
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2l. Scenario analysis. CNT lacrosse stick assuming hazardous waste incineration at EoL. Impact per functional unit. 
Hazardous waste incineration 
Impact category Unit Total impact per functional unit 
Climate change kg CO2 eq 1.14E+02 
Ozone depletion kg CFC-11 eq 3.89E-03 
Terrestrial acidification kg SO2 eq 3.90E-01 
Freshwater eutrophication kg P eq 4.01E-02 
Marine eutrophication kg N eq 6.77E-01 
Human toxicity kg 1,4-DB eq 7.65E+01 
Photochemical oxidant formation kg NMVOC 2.16E-01 
Particulate matter formation kg PM10 eq 1.36E-01 
Terrestrial ecotoxicity kg 1,4-DB eq 1.29E-02 
Freshwater ecotoxicity kg 1,4-DB eq 1.72E+00 
Marine ecotoxicity kg 1,4-DB eq 1.28E+00 
Ionising radiation kBq U235 eq 1.92E+01 
Agricultural land occupation m2a 3.26E+00 
Urban land occupation m2a 5.41E-01 
Natural land transformation m2 1.38E-02 
Water depletion m3 6.15E+00 
Metal depletion kg Fe eq 6.75E+00 
Fossil depletion kg oil eq 2.42E+01 
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2m. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint fossil depletion. Per functional unit. 
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2n. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint freshwater eutrophication. Per functional unit. 
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2o. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint ionising radiation. Per functional unit. 
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2p. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint marine eutrophication. Per functional unit. 
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2q. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint metal depletion. Per functional unit. 
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2r. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint particulate matter formation. Per functional unit. 
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2s. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint particulate terrestrial acidification. Per functional unit. 
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2t. Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint water depletion. Per functional unit. 
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2u .Monte Carlo distribution 1000 iterations. CNT lacrosse stick: ReCiPe (H) midpoint terrestrial ecotoxicity. Per functional unit. 
 
 
 
 
 
 
 
 
 
235 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix III – Supplementary 
information from dye-sensitised 
solar cell case study  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
236 
 
 
 
 
3a. DSSC case study inventory information 
 
 
 
 
 
 
 
 
GaBi 6 life cycle inventory (Ecoinvent 3 and PE 
databases)
Source and modelled compounds 
(references: original paper)
GB: Electricity grid mix (production mix)
2013 production mix values (PE database, GaBi 6)
RER: solar glass, low-iron, at regional storage Ecoinvent 3 'solar glass' (data from manufacturer)
CVD deposition of FTO Impact from energy only considered here due to 
lack of information on FTO. Energy demand data 
taken from [22]
AU: ilmenite, 54% titanium dioxide, at plant 
Proxy for titanium chloride (data from manufacturer)
CH: disposal, solvents mixture, 16.5% water, to hazardous waste incineration Process solvent disposal (data from manufacturer)
GLO: ammonium chloride, at plant Perovskite production proxy for methyl ammounium 
iodide [17]
GLO: silver, from copper production, at refinery Silver paste (data from manufacturer)
RER: isopropanol, at plant Isopropanol solvent use (data from manufacturer)
RER: lead, at regional storage Perovskite production proxy for lead chloride [22]
RER: platinum, secondary, at refinery Platinum (data from manufacturer)
RER: pyridine-compounds, at regional storehouse Ruthenium dye production proxy for bipyridine 
ligand [14]
RER: silicone product, at plant Sealant (data from manufacturer)
RER: soap, at plant Detergent for washing glass (data from 
manufacturer)
RER: titanium dioxide, production mix, at plant Titanium dioxide (data from manufacturer)
RER: acetaldehyde, at plant Used in the production of methyl imidazole 
electrolyte via Radziszewski reaction (a proxy for 
glyoxal)
RER: dimethylamine, at plant Used in the production of methyl imidazole 
electrolyte via Radziszewski reaction 
RER: formaldehyde, production mix, at plant Used in the production of methyl imidazole 
electrolyte via Radziszewski reaction 
RER: methylene diphenyl diisocyanate, at plant Proxy for organic dye [20]
RER: zinc, primary, at regional storage Proxy for zinc porphyrin dye [7]
RER: copper, at regional storage Proxy for copper based dye [19]
GLO: cobalt, at plant Proxy for cobalt polypyridyl and cobalt sulphide 
[18,21]
GLO: lithium chloride, at plant Production of SCN electrolyte [5]
RER: nitrile-compounds, at regional storehouse Production of SCN electrolyte [5]
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3b. Contribution analysis. Dye-sensitised solar cell base-line (A). Impact per functional unit 
ReCiPe (H) Midpoint impact category Total 
FTO glass 
production Dye-sensitised solar cell manufacture 
UK 
electricity 
grid mix 
solar 
glass 
UK 
electricity 
grid mix 
disposal, 
solvents 
mixture 
silver, from 
copper 
production 
TiCL4 
soaking 
dye 
deposition 
sealant 
printing 
Agricultural land occupation [m2a] 2.03E-01 1.12E-01 4.24E-03 8.48E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Climate change, default, excl biogenic carbon [kg CO2-Equiv.] 5.18E+01 2.83E+01 1.40E-01 2.14E+01 1.83E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Climate change, incl biogenic carbon [kg CO2-Equiv.] 5.19E+01 2.83E+01 1.40E-01 2.15E+01 1.83E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Fossil depletion [kg oil eq] 1.53E+01 8.65E+00 3.75E-02 6.56E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Freshwater ecotoxicity [kg 1,4-DB eq] 1.07E-01 4.80E-03 4.88E-04 3.64E-03 8.95E-02 1.32E-10 1.09E-05 1.09E-05 7.51E-04 
Freshwater eutrophication [kg P eq] 5.19E-04 5.76E-06 2.03E-05 4.37E-06 2.51E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Human toxicity [kg 1,4-DB eq] 1.28E+00 4.40E-01 2.64E-02 3.34E-01 1.25E-02 1.13E-05 0.00E+00 0.00E+00 9.25E-04 
Ionising radiation [kg U235 eq] 6.42E+01 3.65E+01 1.21E-02 2.77E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Marine ecotoxicity [kg 1,4-DB eq] 2.68E-02 2.92E-03 5.17E-04 2.21E-03 1.27E-02 2.35E-08 9.55E-07 9.55E-07 6.06E-04 
Marine eutrophication [kg N-Equiv.] 4.81E-03 2.61E-03 3.70E-05 1.98E-03 1.34E-04 3.32E-10 0.00E+00 0.00E+00 0.00E+00 
Metal depletion [kg Fe eq] 4.89E-01 5.29E-02 1.42E-02 4.01E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Natural land transformation [m2] 5.47E-05 0.00E+00 3.85E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Ozone depletion [kg CFC-11 eq] 2.11E-08 1.73E-10 1.33E-08 1.31E-10 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Particulate matter formation [kg PM10 eq] 4.38E-02 2.45E-02 3.67E-04 1.86E-02 6.69E-05 4.28E-09 0.00E+00 0.00E+00 0.00E+00 
Photochemical oxidant formation [kg NMVOC] 1.17E-01 6.56E-02 7.98E-04 4.98E-02 2.82E-04 9.05E-09 0.00E+00 0.00E+00 0.00E+00 
Terrestrial acidification [kg SO2 eq] 1.43E-01 8.02E-02 1.21E-03 6.08E-02 1.92E-04 1.14E-08 0.00E+00 0.00E+00 0.00E+00 
Terrestrial ecotoxicity [kg 1,4-DB eq] 2.19E-03 2.18E-04 1.24E-04 1.66E-04 1.52E-03 2.29E-09 1.59E-05 1.59E-05 4.65E-26 
Urban land occupation [m2a] 1.98E-03 0.00E+00 6.65E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
Water depletion [m3] 4.21E+00 1.67E+00 1.88E-01 1.26E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
USEtox, Ecotoxicity (recommended) [CTUe] 9.47E+00 3.50E-01 2.72E-01 2.65E-01 7.36E-02 2.03E-06 2.24E-02 2.24E-02 3.67E-01 
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3c. Contribution analysis. Dye-sensitised solar cell base-line (B). Impact per functional unit 
ReCiPe (H) Midpoint impact category 
Dye-sensitised solar cell manufacture 
Lithium-
ion 
battery 
TiCl4 
blocking 
glass 
Isopropa
nol, at 
plant 
platinum, 
at plant 
Pyridine-
compoun
ds 
silicone 
product Soap 
Agricultural land occupation [m2a] 0.00E+00 0.00E+00 0.00E+00 5.34E-05 0.00E+00 0.00E+00 2.66E-03 
Climate change, default, excl biogenic carbon [kg CO2-Eq.] 0.00E+00 7.96E-03 4.50E-03 5.34E-05 4.38E-08 9.42E-04 9.07E-02 
Climate change, incl biogenic carbon [kg CO2-Eq.] 0.00E+00 7.96E-03 4.50E-03 0.00E+00 4.38E-08 2.28E-03 9.04E-02 
Fossil depletion [kg oil eq] 0.00E+00 0.00E+00 0.00E+00 5.83E-06 0.00E+00 0.00E+00 2.94E-02 
Freshwater ecotoxicity [kg 1,4-DB eq] 1.09E-05 0.00E+00 0.00E+00 0.00E+00 4.27E-08 2.00E-06 7.62E-03 
Freshwater eutrophication [kg P eq] 0.00E+00 0.00E+00 0.00E+00 7.45E-05 3.45E-10 0.00E+00 2.38E-04 
Human toxicity [kg 1,4-DB eq] 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.03E-06 2.01E-02 4.49E-01 
Ionising radiation [kg U235 eq] 0.00E+00 0.00E+00 0.00E+00 1.25E-06 0.00E+00 0.00E+00 2.38E-02 
Marine ecotoxicity [kg 1,4-DB eq] 9.55E-07 0.00E+00 0.00E+00 2.30E-07 3.11E-08 4.50E-05 7.77E-03 
Marine eutrophication [kg N-Equiv.] 0.00E+00 0.00E+00 1.76E-07 0.00E+00 5.21E-08 1.27E-06 3.91E-05 
Metal depletion [kg Fe eq] 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.82E-01 
Natural land transformation [m2] 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.62E-05 
Ozone depletion [kg CFC-11 eq] 0.00E+00 0.00E+00 0.00E+00 1.16E-08 2.55E-11 0.00E+00 7.47E-09 
Particulate matter formation [kg PM10 eq] 0.00E+00 0.00E+00 2.53E-06 1.99E-07 1.28E-08 4.66E-07 3.45E-04 
Photochemical oxidant formation [kg NMVOC] 0.00E+00 2.22E-04 4.69E-06 8.87E-08 5.16E-10 1.54E-06 4.27E-04 
Terrestrial acidification [kg SO2 eq] 0.00E+00 0.00E+00 4.90E-06 1.28E-06 0.00E+00 2.33E-06 9.16E-04 
Terrestrial ecotoxicity [kg 1,4-DB eq] 1.59E-05 0.00E+00 0.00E+00 0.00E+00 1.63E-10 6.28E-06 1.03E-04 
Urban land occupation [m2a] 0.00E+00 0.00E+00 0.00E+00 1.39E-05 0.00E+00 0.00E+00 1.32E-03 
Water depletion [m3] 0.00E+00 2.17E-03 0.00E+00 1.10E-02 4.42E-05 0.00E+00 1.09E+00 
USEtox, Ecotoxicity (recommended) [CTUe] 2.24E-02 0.00E+00 0.00E+00 0.00E+00 3.88E-05 6.98E-03 8.06E+00 
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